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Irish agriculture is becoming increasingly regulated, with restrictions on fer-
tiliser application rates and stocking rates to reduce nitrate (NO−3 ) leaching losses.
However these regulations have been, to date, based on minimal field research. The
purpose of this study was to determine the actual leaching losses of NO−3 from Irish
dairy pasture at a range of stocking rates, and to investigate the effectiveness of
the nitrification inhibitor DCD at reducing NO−3 leaching losses where these are
deemed excessive.
In grazed pastures, a major source of leached NO−3 is the urine patch, where
a high rate of N is applied in one application. This trial recorded the losses from
urine and non-urine areas of pasture separately.
Nitrate leaching losses from three soils were recorded using lysimeters at John-
stown Castle, Co. Wexford, over two years. Total NO−3 losses were higher from
the freely drained Clonakilty and Elton soils than from the heavy Rathangan soil.
Mean NO−3 losses from urine patches ranged from 16 - 233 kg NO
−
3 -N ha
−1, and
were reduced by up to 53% when DCD was applied. DCD also reduced peak and
mean NO−3 -N concentrations in many cases. In addition, DCD halved the nitrous
oxide (N2O) emission factor on the Rathangan soil, caused increases in pasture N
content, and increased herbage yield in some treatments.
The distribution of urine patches under dairy grazing was recorded using GPS
at Kilworth, Co. Cork. Cows were also found to deposit 0.359 urine patches per
grazing hour.
A model was produced to predict field-scale NO−3 leaching losses from dairy
ii
pasture at a range of stocking rates. At 2.94 cows per hectare, the highest stocking
rate, annual field N loss was below 34 kg NO−3 -N ha
−1, mean drainage N concen-
trations were below 5.65 mg NO−3 -N L
−1 (the EU drinking water guideline value),
and the worst-case-scenario autumn peak concentration did not exceed 21.55 mg
NO−3 -N L
−1 (above the EU Maximum Allowable Concentration (MAC) but below
the World Health Organisation (WHO) drinking water limit).
DCD reduced total annual field N loss by 21% (a conservative estimate), and
also reduced mean and peak NO−3 concentrations.
Provided fertiliser application rates are at or below 291 kg N ha−1, and based
on current legislative values for drinking water quality, this trial does not support
any blanket restrictions on the stocking rate of Irish dairy farms. However where
particularly high water quality is required, DCD shows potential as a useful tool
to achieve low NO−3 concentrations.
Key words: Nitrate (NO−3 ), Nitrous oxide (N2O), Dicyandiamide (DCD), Ire-
land, Leaching, Gaseous emission, Herbage, Dairy, Cattle, Urine, Spatial distri-
bution, Soil, Water quality, Nitrification inhibitor, Grazed pastures, Grassland,
Agriculture.
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“If you have ten thousand regulations you destroy all respect for the law.”
Winston Churchill (1931)
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Chapter 1
Introduction
Nitrogen is an essential nutrient for plants, and is regularly applied to farms in the
form of fertiliser. It can be lost from grassland in a number of forms, including
nitrate in drainage water and nitrous oxide gas. Any loss of N is a reduction in
efficiency, and this N will eventually have to be replaced by the farmer.
As well as being a financial loss, the lost nitrogen can be a pollutant and cause
other problems. High levels of nitrate in drinking water may cause methaemo-
globinaemia (blue baby syndrome) in formula-fed infants, and excessive nitrogen
entering surface waters can contribute to eutrophication, damaging aquatic ecosys-
tems. Nitrous oxide is a potent greenhouse gas, and may contribute to global
warming.
For all these reasons it is important to minimise nitrogen loss from agriculture.
The majority of the nitrogen lost from grazed grassland comes from urine
patches, where a large quantity of nitrogen is applied to a small area of soil. The
application rate can reach the equivalent of 1000 kg N ha−1, in one application,
while fertiliser may only be applied at 0 - 500 kg N ha−1, spread over a number
of applications. The potential for N loss is therefore vastly different between areas
affected or not affected by urine, and these areas must be considered separately
when calculating the nitrogen loss from grazed grassland.
Dicyandiamide (DCD) is a nitrification inhibitor used in New Zealand to re-
duce the nitrogen loss from grassland, and marketed under the trademarks “eco-
N” (Ravensdown Fertiliser Co-operative Ltd, fine particle suspension) and “DCn”
(Ballance Agri-Nutrients Ltd, granular fertiliser). It has been shown in New
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Zealand trials to reduce nitrate and nitrous oxide loss, and increase pasture pro-
duction. The climate and farming systems in Ireland are similar to New Zealand,
and it may be a useful tool in Ireland as well.
Irish farmers face stringent European Union (EU) regulations on nitrogen in-
puts, that are just beginning to be enforced. The most concerning aspect of this
regulation is a limit on organic N input that equates to around 2.0 cows per hectare.
Currently Ireland has a temporary derogation allowing 250 kg of organic N, or 2.94
cows ha−1, but when this expires some farms will have to destock and others will
be prevented from increasing their stocking rates to capitalise on the removal of
the milk quota system. The N input limitations in the nitrates directive are blan-
ket regulations that apply to all farms in designated “Nitrogen Vulnerable Zones”
in Europe (including the whole of Ireland). In Ireland there is no consideration
currently given to soil and climatic differences.
The primary aim of this study was to estimate the actual N loss from Irish
dairy farms at varying stocking rates on a range of soil types. Nitrogen losses were
measured directly using lysimeters, while a model was used to predict the actual
field losses at different stocking rates. This model will be able to indicate whether
or not the EU regulations are reasonable in different situations, and calculate what
stocking rates can be run without causing excessive pollution.
The secondary aim was to assess the effectiveness of DCD in Ireland, to de-
termine whether it could be used to reduce N loss where this was excessive, and
determine what stocking rates could be run when DCD was used. In this trial,
DCD was applied as a solution, simulating the recommended application regime
for Ravensdown Ltd’s “eco-N” product in New Zealand.
Chapter 2
Literature review
2.1 Introduction
Nitrate leaching is an environmental concern throughout the world, mainly because
nitrate can encourage eutrophication of surface waters. Nitrate in drinking water
is also believed by some to cause health problems in humans. A large proportion
of the nitrogen entering waterways and groundwater comes from “diffuse source”
pollution, or low levels of nitrogen coming from a wide area (mainly agricultural
land), as opposed to a localised source such as a sewage outfall or a factory. Nitrate
leaching from agriculture has been identified as a major environmental concern by
the European Union.
Nitrogen enters soil primarily through fertilisers, fixation by legumes and through
excretion by animals. Urine contains more nitrogen than faeces, and it is present
in more soluble forms in urine than in faeces. Nitrogen entering soil goes through
a number of transformations, and can be lost from soil in a number of ways, one
way being through leaching (Figure 2.1). Nitrogen can also be taken up by plants,
or be lost from the soil as nitrogenous gases. Animal urine patches are areas of soil
with a high concentration of nitrogen, and more nitrogen is likely to leach from
these areas of the soil than from non-urine areas (Haynes and Williams, 1993).
In studying nitrate leaching from grazed agricultural fields, urine patches must
be considered separately to non-urine areas of the soil, because research has shown
that urine patches account for the majority of the leaching of nitrate from the
soil (Haynes and Williams, 1993; Di and Cameron, 2002b). As the stocking rate
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Figure 2.1: The Nitrogen Cycle in agricultural systems (Cameron, 1992)
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increases, the number of urine patches applied per hectare will also increase, as
will the potential for nitrate leaching. An understanding of the distribution and
area coverage of urine patches under different stocking rates is vital if the nitrate
leaching from grazed pasture is to be calculated. The nitrate leaching loss (NL) in
kg NO−3 -N ha
−1 from a grazed pasture can be calculated as:
NL = (NL1 ·A1) + (NL2 ·A2)
Where NL1 is the leaching loss from urine patches (kg NO−3 -N ha
−1), A1 is the
area of urine patches (ha), NL2 is the leaching loss from the non-urine area (kg
NO−3 -N ha
−1), and A2 is the non-urine area (ha).
Cattle urine patches are larger than sheep urine patches, and have a higher rate
of N application per hectare (Haynes and Williams, 1993). Cattle urine patches are
therefore more prone to leaching losses than sheep urine patches. For this reason,
cattle urine patches are the focus of this literature review.
The aim of this review is to summarise the relevant information and to identify
gaps in our knowledge about nitrate leaching from grazed pasture soils in the
Republic of Ireland.
2.2 Nitrogen Return by Animals as Urine
2.2.1 Composition of Urine
The purpose of urination is to remove excess water, nitrogen, salts and toxins from
the body, other mediums used by an animal for this purpose being faeces and sweat.
The majority of the nutrient elements consumed by an animal are excreted, rather
than being used for production (Whitehead, 2000). For this reason the composition
of urine will vary depending on the diet of the animal. Urine composition has been
shown to vary depending on the nutrient content of the feed (Haynes and Williams,
1993), the water intake and herbage water content (Doak, 1952), the time of day
(Betteridge et al., 1986) and climatic conditions (Haynes and Williams, 1993).
The major nutrient in urine of concern to agriculture and the environment is
nitrogen (N). Nitrogen causes the majority of the pasture response to urine and
can cause environmental pollution through both leaching as nitrate (NO−3 ) and
being released as nitrogenous gases. Table 2.1 shows the N content of cattle urine
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as reported by a number of different researchers. The reported values are highly
variable, but the average appears to be around 8.6 g N L−1.
Table 2.1: Nitrogen content of cattle urine
Reference Range (g N L−1) Average (g N L−1)
Betteridge et al. (1986) 3.90 – 9.77 7.10
Bohane (2003) 6.4 – 8.2 7.35
Bristow et al. (1992) 6.8 – 20.5 10.51
Doak (1952) 2.5 – 8.3 5.4
Misselbrook et al. (2005) 4.5 – 8.8 7.2
Olsson (2005) - 11.5
Safley et al. (1984) - 11.0
Stout et al. (1997) 6.5 – 13.2 9.3
Whitehead (2000) 7.7 – 10.8 -
Whitehead (1970) 2.5 – 13.0 8
Mean 8.6
The N in urine is mainly present as urea, but there are a number of other forms
present as outlined in Table 2.2.
Other nutrients are also present in urine, Table 2.3 showing one example of
measured nutrient contents. The content of all nutrients in urine will vary de-
pending on the factors mentioned previously. The major cation present in urine is
potassium (K) with an average content of around 7.2 g L−1 (Hogg, 1981; Hutton
et al., 1967; Safley et al., 1984; Williams and Haynes, 1994; Williams et al., 1989).
2.2.2 Size and Distribution of Urine Patches
Urine patch size is variable, depending on many factors including the volume of
urine excreted, the slope (Dale, 1961) and microtopography (Lotero et al., 1966) of
the soil surface, soil physical condition (Williams et al., 1990), and wind conditions
(During and McNaught, 1961). Cattle normally urinate standing still (Smith, 1965)
but occasionally urinate while moving, spreading urine over a wider area.
Urine volume and the frequency of urination are closely related. These vary
primarily depending on the water intake of the animal, through both drinking
water and feed water content (Doak, 1952). They will also vary depending on
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Table 2.2: Forms of nitrogen present in dairy cattle urine (Bristow et al., 1992)
Compound Range (g L−1) Average (g L−1)
Urea 8.64 – 41.13 16.21
Hippuric acid 5.96 – 8.93 7.18
Allantoin 0.77 – 3.40 2.04
Uric acid 0.15 – 0.53 0.36
Xanthine / hypoxanthine 0.07 – 0.23 0.12
Creatinine 0.54 – 1.75 0.98
Creatine 0.37 – 1.58 0.80
Free amino acids 0.15 – 1.58 0.78
Ammonia 0.03 – 1.30 0.37
Table 2.3: Mean nutrient content in cow urine (adapted from Safley et al. (1984))
Urine content (g L−1)
Total N 11.0
Total P 0.19
Cl 2.42
K 7.61
Ca 0.16
Mg 0.53
Na 1.13
Cu 0.0006
Zn 0.002
Fe 0.006
Mn 0.0002
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environmental factors such as temperature and humidity, which influence both the
amount of water lost in sweat and the water intake of the animal (Haynes and
Williams, 1993).
Table 2.4 shows the number of urinations per day, urine volume and urine patch
area as reported by a number of researchers. Urine patch size in the literature is
highly variable, partly due to the fact that some researchers measure the area of
soil actually covered by urine, while others measure the area of pasture that is
affected by urine, which may be much larger (Nguyen and Goh, 1994). Not all
papers specify the method used to determine urine patch size, so only papers that
actually specify this have been used in Table 2.4.
Urine patches are not distributed uniformly over a paddock. The distribution
is influenced by stock behaviour, as stock tend to congregate on certain areas of
the pasture (“stock camps”) such as dry ridges or sheltered areas of the paddock.
Animals spend more time in these areas, so deposit more urine and dung in these
areas. Stock management also influences the distribution of urine patches. Factors
such as the paddock size, strip grazing of pastures and forage crops, and the practice
on many dairy farms to have separate paddocks for day and night grazing will all
affect urine patch distribution. The net result of the non-uniform distribution of
urine and dung is to transfer nutrients from areas of the paddock that stock spend
less time on (such as slopes) to others (more sheltered areas, flat areas, dry areas).
Nutrients can also be transferred between paddocks (from day paddocks to night
paddocks for example) (Haynes and Williams, 1993) or onto non-productive areas
of the farm such as tracks, stock handling facilities and bare ground under trees.
The proportion of excreta deposited on unproductive areas of the farm can be
10-35% of the total (Nguyen and Goh, 1994).
Several researchers have attempted to mathematically model urine patch dis-
tribution on a paddock. Ideally, a good model must allow both overlap of patches
and stock camping behaviour (Haynes and Williams, 1993). Petersen et al. (1956)
found the negative binomial distribution function to give a close estimate of the
true urine patch distribution allowing for both of these factors.
Richards and Wolton (1976) showed that after a single grazing at 100 or 200
cows ha−1 about 4 or 9% of the pasture was affected by urine patches (in terms
of pasture response) and 0.6 or 1.2% was covered by dung patches. Note that the
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Table 2.4: Number of cattle urinations per animal per day and the volume and
surface area coverage of a single urination
Reference Mean Volume of Area Area of
number of single covered pasture
urinations urination by urine response
per day (L) (m2) (m2)
Aland et al. (2002) 9.0 - - -
Williams et al.
(1990)
- - 0.16 -
Richards and
Wolton (1976)
- - - 0.49
Petersen et al.
(1956)
8 - - 0.28
Lantinga et al.
(1987)
- - - 0.68
Lotero et al. (1966) - - - 1.07
Nguyen and Goh
(1994)
8 – 12 2 0.19 – 0.49 0.89 – 3.52
Davies et al. (1962) 10 2.17 n/s n/s
Doak (1952) - 1.6 0.42 0.55
(estimated)
Robertson (1972) 10 2 n/s n/s
Jarvis et al. (1995) 9 – 12 - n/s n/s
Williams and
Haynes (1994)
- - 0.38 – 0.42 -
White et al. (2001) 8.9 - - -
Whitehead (1970) 8 – 12 1.6 – 3.5 - -
Mean 10 2.1 0.33 1.0
n/s: Area stated in reference but measurement method not specified
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true urine patch coverage is likely to be less than the measured pasture response
(Nguyen and Goh, 1994), and there is an inconsistency here in measuring the area
covered by dung, but measuring the area affected by urine. Nevertheless, from
their final result that under rotational grazing at high stock densities 23% of the
pasture would be affected by dung or urine in one year (according to the negative
binomial distribution function), it can be calculated that 20% of the pasture would
be affected by urine, and 3% would be covered by dung patches.
MacLusky (1960) calculated that 20% of the pasture would be affected by dung
in one year and, assuming that the ratio of the area affected by urine and dung
was 1:1, also calculated that 20% would be affected by urine. Whitehead (2000)
calculated that on a typical dairy farm with a grazing intensity of 700 cow-days
ha−1 yr−1 21% of the area would be covered by urine in one year, with a greater
area affected by it.
2.2.3 Pasture Response to Urine
When observing the distribution of urine patches in a pasture, what is actually
visible to the eye is the area of pasture that shows a response to urine deposition. It
is important to understand the behaviour of pasture as a result of urine application
in order to understand what is observed in the field.
Urine deposition generally produces a net positive pasture growth response,
although it can also scorch and kill the pasture. A number of trials have been
reported in the literature where urine patches have been applied at one time and the
pasture growth recorded. However the only known published trials that involved
multiple applications at different times throughout a year are Peri et al. (2002)
looking at sheep urine patches, and Dennis (2005) & Dennis et al. (2007c) looking
at cattle urine patches.
The initial pasture growth response to urine deposition is likely to be due to N
in most circumstances. However N can escape the soil in gaseous forms and can
also be readily leached. The increased K concentration in herbage and soil after
urine deposition lasts much longer than the increased N concentration (During and
McNaught, 1961; Early et al., 1998; Lotero et al., 1966), and it is likely that the
latter part of the yield response is highly dependant on K.
Dale (1961) observed that a sward may show no effect from a sheep urination, it
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may show a growth response, or it may be killed. Dale identified two distinct zones
in a urine patch. The first is the area actually wet by the urine, which corresponded
to an area of burnt or stained pasture where urine scorching occurred. Around this
spot is the growth response zone, which may be circular on flat ground, or may be
drop shaped on a slope, and extend almost entirely downhill. Beyond this zone the
grass appears unaffected by the urine.
Urine scorching appears to be caused by high urine N contents, resulting in ele-
vated NH3 levels in soil, causing root death (Richards and Wolton, 1975; Williams
et al., 1999). Scorching appears to occur most frequently when the soil moisture
content is high and the average day-and-night temperature is approximately be-
tween 15 and 20 ◦C (Keuning, 1980), although high soil moisture is not essential for
scorching to occur (Dale, 1961). The incidence of scorching is increased by higher
levels of N fertiliser application and pasture N content (Dale, 1961; Richards and
Wolton, 1975). The severity of scorching differs between cows, although each cow
can cause scorching (Keuning, 1980). This may be due to different urine N con-
centrations. Urinations early in the morning cause more scorching than urinations
later in the day, which corresponds to a higher N and K content of urine in the early
morning (Betteridge et al., 1986; Keuning, 1980). However, even when urine scorch
is common, only around 15% of urinations appear to cause scorching (Richards and
Wolton, 1975).
Ryegrass appears especially vulnerable to scorching, while more compact species
such as chewings fescue and Poa annua are more resistant. This results in scorched
pasture being recolonised by species of low productive value, especially Poa annua,
resulting in a deterioration in the quality of a sward (Dale, 1961; Richards and
Wolton, 1975). White clover is damaged by scorch but can recover more rapidly
than ryegrass, and in some situations may form a significant proportion of the
sward more than a year after urine deposition (Keuning, 1980).
To date, many researchers have assumed that the pasture growth response to
urine deposition lasts for a period of around three months (Haynes and Williams,
1993; Richards and Wolton, 1976). However in practice the response to urine N
can differ markedly depending on the time of year (Dennis, 2005; Dennis et al.,
2007c; Peri et al., 2002). Peri et al. (2002) observed sheep urine patches on an
unirrigated cocksfoot pasture at Lincoln, New Zealand. Patches were identified
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in the field two days following grazing, and patches were harvested by hand until
no difference between these patches and non-urine patches was observable. Figure
2.2 shows the production on sheep urine patches starting in summer, winter and
spring. The response period was shortest in summer, with an estimated response
duration of 77 days (Figure 2.2a). The response lasted an estimated 133 days over
winter (Figure 2.2b), and 105 days in spring (Figure 2.2c).
Ledgard and Saunders (1982) measured three months cumulative yield on cow
urine patches applied in autumn and spring. They observed a higher pasture growth
on urine patches in spring than in autumn, but a greater percentage response to
cow urine in autumn than in spring.
During and McNaught (1961) applied a cow urine patch in spring in Rangitikei,
New Zealand. The yield of this treatment was recorded for 2 12 years, and is shown
in Table 2.5. The urine treatment showed a response for the first year, but showed
no response after one year following urine deposition.
Dennis (2005) applied cow urine patches at monthly intervals for a period of
twelve months (see also Dennis et al. (2007c)). Patches applied in summer (Novem-
ber - February) showed a pasture growth response for 2-4 months (Figure 2.3a).
This response disappeared over winter but reappeared again in spring (October)
as visibly darker / taller areas of pasture, but without a measurable dry matter re-
sponse. Urine patches applied in autumn (March - May) showed a pasture growth
response for 1-2 months, which disappeared over winter but reappeared in spring
(October) both visibly and as a measurable dry matter response (Figure 2.3b).
Urine patches applied in winter (June and July) showed slight initial responses to
urine deposition, which became more pronounced in spring (Figure 2.3c). Win-
Table 2.5: Pasture herbage yield on urine patches and control areas (kg DM ha−1)
(During and McNaught, 1961). Treatments which do not have a common letter
differ significantly at the 5% level
Treatments Period
20/11/57 14/1/58 19/11/58 23/11/59
– 14/1/58 – 19/11/58 – 23/11/59 – 12/7/60
Control 2018a 7394a 8380a 2982a
Urine 3232b 8176b 8822a 2926a
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Figure 2.2: Response over time of dry matter production of cocksfoot from urine
(•) and control (o) patches starting in: a) summer (13 December 1999), b) winter
(22 March 2000) and c) spring (21 September 2000). Bars indicate standard error
of the mean (SEM) (Peri et al., 2002).
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ter applied urine patches had higher dry matter production in spring than spring
applied urine patches.
2.2.4 Measuring the Spatial Distribution of Urine Deposi-
tion
It is now obvious that the response to urine deposition may last much longer than
three months. Urine patches may also disappear for some time (especially over
winter) before reappearing again. This will affect any method of observing urine
patches in order to record their spatial distribution. It cannot be assumed that
all visible urine patches have been deposited within the last three months, visible
urine patches may be up to one year old, and possibly older. The measurement
of autumn urine patches may be complicated by their tendency to disappear over
the winter period. If they are not observed before they disappear, they may not
become visible again until the following spring, and appear to have been deposited
in spring.
Petersen et al. (1956) divided two paddocks into 10 by 10 foot squares, and
recorded the number of cattle faecal patches observed in each square. It was as-
sumed the distribution of urine was similar to the distribution of faeces. Knowing
the average frequency of urine deposition, and the average size of urine and dung
patches, the distribution and area coverage of urine could also be calculated. This
method has the advantage that it is easy to see whether a faecal patch is fresh or
not, and faeces do not disappear then reappear. The negative binomial distribution
function was shown to give a good mathematical representation of the spatial dis-
tribution. This method does not however give a direct measurement of the spatial
distribution of the urine patches themselves, only a calculated distribution. The
amount of overlap of patches is estimated using a mathematical function, but is
not actually measured. This methodology was repeated by Richards and Wolton
(1976).
MacLusky (1960) recorded the number and area of faecal patches deposited
by cows on small sample areas of two paddocks. One sample area was used per
paddock. The area coverage of dung in these sample areas was extrapolated to
obtain the area coverage of dung in each paddock. The area of pasture affected
by faecal patches was also observed. The area of pasture affected by urine was
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Figure 2.3: Monthly dry matter production of urine and control patches deposited
in: (a) December 2004; (b) June 2005; (c) March 2005. Error bars indicate ±2
SEM (Dennis et al., 2007c).
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estimated to be the same as the area affected by excreta, on the basis of a similar
daily number of defecations and urinations, and similar area affected per defecation
or urination. The major problem with this method is the fact that only one sample
area was used per paddock. As animals tend to camp in certain areas of the
paddock and not in others, one sample area may turn out to be either in a stock
camp, or in an area that stock occupy less frequently. It is unlikely to give an
accurate representation of the total paddock. Urine coverage was only estimated
from faecal coverage, not directly measured.
A more recent method that has been used at Lincoln University is to use survey-
grade GPS to record the location of each urine and dung patch (Moir et al., 2006).
This method means that the position and diameter of each patch can be precisely
recorded, and each patch can be located again in the field. If repeated measure-
ments are taken off the same area, any urine patch that has been recorded once and
reappears later on can be identified as having already been recorded, and be known
to be not from the last grazing. This method has only had limited application to
date and results so far have only been recorded for two different farming types in
New Zealand. No information using this method has been collected in Ireland.
Any method of recording urine patches as visible response zones in the pasture
is limited by both the accuracy of the observer and the pattern of pasture growth
on urine patches. The observer can become familiar with pasture and skillful
at identifying urine patches in the field. However at certain times of the year few
applied urine patches may actually be visible, such as in the autumn (Dennis, 2005).
This will limit the accuracy of any method of studying urine patch distribution
visually, however precise the recording technique is. Even a highly precise method
such as GPS is still limited by the pasture growth response pattern.
2.3 Nitrogen Cycle
Nitrogen is the nutrient element required in the highest quantities by plants. It
typically comprises 1-5% of the dry matter of a pasture plant. Nitrogen supply
is one of the most important factors influencing plant growth. The majority of
the nitrogen in urine is in the form of urea, and must be converted to ammonium
and/or nitrate in the soil before plants can utilise it. The microbial processes
governing the transformation of nitrogen in the soil are vital to the understanding
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of the behaviour of the urine patch. A generalised nitrogen cycle is shown in Figure
2.1.
2.3.1 Nitrogen Inputs
A pasture mainly receives N from fertilisers and eﬄuent applied to the soil, urine
and faeces, nitrogen fixation by legumes, and herbage and root senescence. Other
minor inputs may come from rainfall, dry deposition and the weathering of soil
parent material. The input of N in urine has been previously covered in Section
2.2, and can reach 1000 kg N ha−1.
The most common N fertilisers used in Ireland are Calcium Ammonium Nitrate
(CAN) and granulated urea. Eﬄuent disposal is also a major N input on Irish dairy
farms, as cows are typically housed from late November through to March and the
eﬄuent from these months must be applied to pastures during the following spring
and summer.
Each year a paddock will typically receive dead herbage material in the order
of 5000 – 8000 kg DM ha−1 (around 85 – 140 kg N ha−1) and 5000 kg DM ha−1 of
dead root material (around 50 kg N ha−1) (Whitehead, 2000). This depends on
total herbage production, temperature and many other factors. In a urine patch,
pasture growth can expect to be maximised, so the total N input from these sources
can be expected to be around 200 kg N ha−1.
Nitrogen fixed by legumes in a grass-clover sward is estimated at 100 – 160 kg
N ha−1 per year, depending on the conditions (Evans and Barber, 1977). However,
high nitrogen application from other sources tends to depress nitrogen fixation. For
this reason the amount of nitrogen fixed in a urine patch can be expected to be
low in the months following urine application. Nitrogen fixation will only occur if
legumes are present in the sward, and it is common practice in Ireland to maintain
ryegrass swards with very low clover content. Depending on the pasture, nitrogen
fixation may account for 0 – 160 kg N ha−1 per year in Ireland.
2.3.2 Nitrogen Transformations
Refer to Figure 2.1 for a summary of the transformations of nitrogen in the soil.
This figure shows where each of the following processes fits in the overall nitrogen
cycle.
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Mineralization
Mineralization of N is the breakdown of complex organic compounds such as pro-
teins, peptides, and urea, forming inorganic ammonium ions (NH+4 ). The final step
that forms ammonia is called ammonification. This process is carried out by a wide
range of microorganisms including fungi, bacteria, actinomycetes and invertebrate
animals (Haynes, 1986a). The majority of these organisms are aerobic, using or-
ganic compounds as an energy source and O2 gas as an electron acceptor. Fungi
carry out the majority of the decomposition of nitrogenous organic compounds such
as urea and proteins. Soil microorganisms can take up N as NH+4 or NO
−
3 to make
their own proteins, although they appear to take up NH+4 more rapidly (Haynes,
1986a).
Urea is broken down according to the following equation, catalysed by urease
enzymes:
NH2CONH2 +H2O → 2NH3 + CO2
Urease enzymes are believed to be produced by both soil microorganisms and
plant roots (Bremner and Mulvaney, 1978). Several different proteins exhibit urease
activity, hence the plural term “ureases” is used occasionally. From this point on
however the general term “urease” will be used for all these proteins. Urease can
bond to inorganic and organic soil constituents, and this will affect its stability
(Haynes, 1986a).
Other urine components containing N include creatinine, alanine and glutamine
(Doak, 1952). Creatinine is a peptide formed during muscle function, while alanine
and glutamine are amino acids that are used to transport ammonia in the blood
(Elliot and Elliot, 2001). Peptides are hydrolysed in the soil to amino acids through
the action of peptidase enzymes. Amino acids are either oxidised by amino acid
oxidases, or dehydrated by amino acid dehydrogenases. These enzymes most likely
originate from soil microorganisms (Haynes, 1986a).
Rapid mineralization results in a high soil solution concentration of NH+4 near
the soil surface. This can result in volatilisation of NH3 gas. Between 4 - 46%
of the N in urine patches can be lost as NH3 gas (Saggar et al., 2004). It can
also account for 10 - 25% of the N in urea fertiliser, and up to 25% of the N in
diammonium phosphate (Whitehead, 2000). Losses are increased under hot, dry
conditions. Application of rainfall or irrigation after the fertiliser can help to wash
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NH+4 deeper into the soil and reduce NH3 volatilisation (Black et al., 1987).
The primary factor determining the rate of mineralization is the food value of
the substrate to microorganisms, of which the major factor is the C:N ratio. In
Table 2.6 it can be seen that urine has a very low C:N ratio compared to most
other organic residues present in soils. The majority of the N in urine is present as
urea, which is 46.7% N and only 20.0% C, giving a low C:N ratio.
Urine urea is ammonified more rapidly in the soil than urea fertiliser. This is
due to hippuric acid from the urine, stimulating urease activity, and due to the pH
of urine being optimum for urease activity (around 8.6). Urease may also be present
in the urine itself (Saggar et al., 2004). The urea fraction of urine will therefore be
ammonified even faster than would be suggested by the ratios in Table 2.6.
Other factors that will increase mineralization rate are high earthworm numbers
(break up of substrate allowing easier access by microorganisms), warm temper-
atures, and a high soil water holding capacity. Also, when fertiliser N (or urine)
is applied to previously unfertilised swards, it tends to promote mineralization of
existing organic N (Whitehead, 2000).
The rate of urea ammonification can be artificially slowed using urease in-
hibitors, one example being Agrotain, marketed by Summit-Quinphos (NZ) Ltd.
This slows the ammonification process resulting in a gradual release of ammonia
into the soil solution, reducing the peak ammonia concentration in the soil. This
product is marketed as a coating on urea fertiliser (SustaiN), and has been shown to
increase pasture production over urea alone and reduce nitrate leaching (Summit-
Quinphos, 2005). It would also act on any urine urea present in the soil at the time
of application.
Nitrification
Nitrification is the biological process whereby NH+4 is oxidised to NO
−
3 . In normal
circumstances it has a minor role in the nitrogen cycle, but under urine patches and
in intensive arable systems, increased NH+4 availability can encourage nitrification.
Autotrophic microorganisms carry out the majority of the nitrification that
occurs in soils. Autotrophic nitrification occurs in two steps, involving two different
kinds of bacteria, as illustrated in the below equation (Stevenson and Cole, 1999).
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The first stage, the oxidation of NH+4 to NO
−
2 , is typically believed to be carried
out by Nitrosomonas europaea, although there is some evidence to suggest that
Nitrosolobus or Nitrospira may be more important in many soils (Haynes, 1986b;
Schmidt, 1982). The second stage, the oxidation of NO−2 to NO
−
3 , is carried out
by Nitrobacter winogradskyi (Stevenson and Cole, 1999). Several heterotrophic
microorganisms also produce NO−2 or NO
−
3 from NH3. Little is known about the
importance of these organisms to nitrification in soils, but they appear to allow
nitrification to proceed in conditions that are unsuitable for autotrophic nitrifiers,
such as under waterlogging or extremes in pH (Haynes, 1986b).
Plants can take up nitrogen as either NH+4 or NO
−
3 . However, NO
−
3 must be
reduced back to NH+4 in the plant before it can be utilised, using a large amount
of energy. Nitrification therefore reduces the efficiency of plant utilisation of N
(Haynes, 1986b).
The NO−3 anion, being negatively charged, is repelled from most soil colloids
and is thus more likely to be leached than NH+4 , which is held by electrostatic
attraction onto the cation exchange sites of clay and soil organic matter. Nitrate
will be accompanied during leaching by cations, typically Ca2+, K+, Mg2+ and
Na+, so nitrification can enhance the leaching losses of these nutrients as well
(Haynes, 1986b). Leached NO−3 can end up in ground or surface water and is an
environmental hazard, causing eutrophication.
Nitrification may release nitrogen from soil as either dinitrogen (N2) or nitrous
oxide (N2O) gases. The process by which this occurs is unknown, although it
appears to be related to the oxygen supply, N2O emissions occurring in response
to low O2 levels (Haynes, 1986b). This is a waste of valuable nutrients, and in
addition N2O is a harmful greenhouse gas.
High NO−3 levels in soils and resultant plant uptake of NO
−
3 can cause high
NO−3 levels in plants, which can result in methaemoglobinaemia in ruminant ani-
mals grazing the pasture. Nitrification releases one H+ ion per NO−3 ion produced,
acidifying the soil (Haynes, 1986b).
On the positive side, nitrification decreases the concentration of NH+4 in the soil.
Ammonium becomes toxic to plants at lower levels than NO−3 does, so nitrification
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can reduce NH+4 toxicity in soils. The reduction in NH
+
4 will also reduce the
amount of NH3 in soil, theoretically reducing the risk of volatilisation of NH3 and
associated nutrient loss and global warming effects (Haynes, 1986b). In practice
however, reduction of nitrification often has minimal effect on NH3 volatilisation
(Di and Cameron, 2004b). The reduction of solution concentrations of NH+4 can
encourage the release of NH+4 from soil colloids, resulting in a soil solution rich in
N as both NH+4 and NO
−
3 . Nitrate is more mobile than NH
+
4 , so this could increase
the rate of uptake of N by plants (Haynes, 1986b).
The rate of nitrification is affected by temperature, moisture, pH and the con-
centrations of NH3, O2 and CO2 (Stevenson and Cole, 1999), the most impor-
tant factor being the concentration of NH3 / NH+4 (Table 2.7). High levels of
NH+4 increase the nitrification rate. However, very high NH
+
4 levels will cause high
NH3 levels in soil, which can cause NH3 toxicity and reduce the nitrification rate.
High NH3 levels are caused by high pH, low CEC (Schmidt, 1982), and the use of
urea or anhydrous NH3 fertilisers. Urine patches have high urea levels and initially
have a high pH, therefore a high NH3 level could be expected under urine patches.
Low levels of NH+4 reduce the rate of nitrification due to lack of a substrate
(Stevenson and Cole, 1999). Nitrifying bacteria are poor competitors for NH+4 , so
in low NH+4 soils the plants remove most of the available NH
+
4 and little nitrification
occurs (Haynes, 1986b). Oxygen used during nitrification comes from within the
soil solution, and low solution O2 concentrations will inhibit nitrification. Low
soil O2 concentrations may be caused by waterlogged soil conditions, high soil
temperatures, and high soil contents of decomposable organic matter (favouring
mineralization and consumption of O2 by heterotrophs) (Schmidt, 1982). CO2 may
also be used in nitrification, but is usually present in high concentrations in soil
solution and rarely limits nitrification (Stevenson and Cole, 1999). As NH+4 , O2 and
HCO−3 (dissolved form of CO2) are all obtained from soil solution, the soil moisture
content will affect the supply of these species to bacteria, and hence the nitrification
rate. Maximum nitrification is generally found at a soil moisture potential of -10
to -33 kPa (Malhi and McGill, 1982).
Nitrification is considerably reduced below temperatures of 5.5 ◦C in most soils
(Anderson and Boswell, 1964), although it can occur at much lower temperatures to
this in some situations (Haynes, 1986b). The optimum temperature for nitrification
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Table 2.6: Typical C:N ratios of plant residues, animal excreta and the biomass
of soil microorganisms and earthworms decomposing in grassland soils. Adapted
from Whitehead (2000).
Organic Substrate C : N ratio
Dead grass herbage 19 – 44 : 1
Dead clover herbage 18 : 1
Grass roots 30 – 46 : 1
White clover roots 13 : 1
Faeces of cattle or sheep 20 : 1
Urine of cattle or sheep 3.9 : 1
Bacteria 3.3 : 1
Fungi 13 : 1
Earthworms 4.6 : 1
Table 2.7: The rates of nitrate formation in three soils incubated with different
concentrations of NH+4 -N at 20
◦C and -33kPa soil moisture potential (Malhi and
McGill, 1982)
Concentration of Duration of Rate of NO−3 -N formation
NH+4 -N (µg g
−1) incubation (days) (µg g−1 day−1)
Soil I Soil II Soil III
50 11 2.5d 2.0d 1.9d
100 8 3.8c 3.3c 3.4c
200 5 5.9a 5.1a 4.9a
300 5 4.5b 4.1b 4.1b
In each column, the values are significantly different (95% level of probability)
when not followed by the same letter.
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varies depending on the climate the soil is located in. Mahendrappa et al. (1966)
found optimum nitrification rates of 20−25 ◦C and 30−35 ◦C for groups of soils from
the north-western and south-western United States, respectively. The maximum
temperature at which nitrification will occur also varies between soils (Keeney and
Bremner, 1967; Myers, 1975).
Little nitrification is found in soils below a pH of 4.0 (Weber and Gainey, 1962).
High pH values also restrict nitrification due to NH3 toxicity. At extreme pH val-
ues, much of the nitrification that does occur is likely to be carried out by het-
erotrophic nitrifiers (Haynes, 1986b). Nutrient toxicities and deficiencies can also
affect nitrification. Nitrification has been shown to be limited by available phos-
phate levels, high levels of trace elements such as Cr, Cd and Cu, and aluminium
toxicity (Haynes, 1986b).
Many organic compounds, both natural and synthetic, can inhibit nitrification.
Some synthetic compounds (such as nitrapyrin and DCD) are used commercially
to reduce nitrification, reducing NO−3 leaching and N2O emissions, and enhancing
plant N uptake (Di and Cameron, 2004b; Schmidt, 1982). In addition, many com-
monly used pesticides such as Diquat and MCPA can inhibit nitrification, although
only at high application rates. All these nitrification inhibition effects are generally
only short-term (Goring and Laskowski, 1982).
The simplest control a farmer can have over the nitrification rate is to control
the amount of NH+4 in the soil. This is influenced by the amount and type of
fertiliser N applied to soil. If NH+4 is released gradually into the soil rather than in
one large dose, plants will use the majority of the NH+4 before it is nitrified. Using
slow-release fertilisers, or applying N fertiliser in small doses at regular intervals
can achieve this.
In a urine patch however, the farmer has little control over the amount of N
applied or the volume of soil it is applied to. The diet of the animal will affect
the concentration of N in the urine, but in a grazing system the farmer has little
control over the nitrogen content of the animal’s feed. The nitrification rate can
therefore only be practically controlled using superimposed means, by applying
chemicals to inhibit nitrification. These can reduce NO−3 leaching (eg. application
of DCD, Figure 2.4) and N2O emissions, conserving N. This can increase plant
production (Di and Cameron, 2004b; Schmidt, 1982), although it has been reported
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to cause negative plant responses if used at very high application rates (Goring and
Laskowski, 1982).
Denitrification
There are two mechanisms of denitrification: biological and chemical. Chemical
denitrification can occur in aerobic soils where high levels of ammonium fertilisers
have been applied. High ammonium levels inhibit Nitrobacter, resulting in an
accumulation of NO−2 . This NO
−
2 may react with organic matter, ammonia or
urea to release N2O and/or N2 gas.
Biological denitrification is an anaerobic process, whereby anaerobic heterotrophic
bacteria use NO−3 as an electron acceptor for metabolism instead of oxygen. This
results in the production of N2 or one of the nitrogen oxide gases. An example
equation is shown below (McLaren and Cameron, 1996).
C6H12O6 + 4NO−3 → 6CO2 + 6H2O + 2N2
In reality the biological denitrification process is not a single step, and generally
occurs as a sequence in which NO, N2O and N2 gas are all produced (Figure 2.5).
Nitrous oxide (N2O) gas is an important greenhouse gas released by Irish agri-
culture. It is released in comparatively small quantities compared with other gases
but has a 310 times greater global warming potential than CO2 (Saggar et al.,
2004). Nitric oxide (NO) reacts readily with oxygen to give NO2, which is thought
to be involved in depleting stratospheric ozone (Daintith, 1996). N2 gas is the most
common gas in the atmosphere, and is harmless.
The rate of denitrification is mainly governed by the supply of readily decom-
posable organic matter. A high, readily decomposable organic matter level in the
soil will increase the denitrification rate. In a pastoral system the organic matter
content of the soil is generally fairly stable, although additions of straw or manure
to soils before winter (when anaerobic conditions suitable for denitrification are
present) could enhance denitrification. Denitrification will also be limited by the
availability of NO−3 in the soil. Neutral or high pH conditions, and high temper-
atures enhance denitrification. Soil does not need to be completely saturated in
order for denitrification to occur, as anaerobic conditions may exist in small areas
of the soil such as above a hard pan, or in the centre of soil aggregates (McLaren
and Cameron, 1996).
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Figure 2.4: Total leaching losses of NO−3 in the leachate from a Templeton fine
sandy loam soil under urine patches when treated or not treated with “eco-N”
(DCD) (Di and Cameron, 2004b).
Figure 2.5: General sequence of reduction steps in biological denitrification process
(McLaren and Cameron, 1996)
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There is no universal chemical way to inhibit denitrification, as there are a
wide variety of bacteria that carry out this process. The most effective way of
reducing denitrification is by minimising the soil solution NO−3 content, which is
explained under “Nitrification” (Section 2.3.2). Inhibiting nitrification as described
in this section has been shown to reduce denitrification and therefore N2O emission
(Figure 2.6).
2.3.3 Nitrogen Outputs
The quantities of nutrients removed from the soil through each pathway vary greatly
depending on the farming system. Any figures given in this section can only be
rough estimates. Nitrogen leaching is covered in the next section.
New Zealand annual pasture production may be around 11,000 kg DM ha−1
or more (Winchmore irrigated figures, Fleming and Lucas, 1996). On average this
may be around 3.6 %N (Fleming et al., 1996), giving a total N uptake of 352
kg ha−1 per year. Nitrogen uptake will differ depending on the fertiliser regime.
O’Connell et al. (2004) found in Ireland pasture uptake of 207.7 kg N ha−1 where
90 kg N ha−1 was applied as fertiliser, and pasture uptake of 419.4 kg N ha−1 where
350 kg N ha−1 was applied as fertiliser. The extra nitrogen taken up in excess of
that applied would have come from mineralisation of soil organic N, which possibly
originated through nitrogen fixation.
Ammonia gas is released during the hydrolysis of urea in soils. This can account
for 4 - 46% of the N in a urine patch.
Nitrous oxide (N2O) emission from urine patches appears highly variable, re-
ported values ranging from 0.6 - 16% of the applied N (Saggar et al., 2004).
2.4 Nitrate Leaching
2.4.1 Problems with nitrate
Methaemoglobinaemia
Most countries have limits on nitrate levels in drinking water, to reduce the risk of
methaemoglobinaemia (also called methemoglobinemia, “blue baby syndrome”) in
infants. Early research suggested a link between nitrate levels and methaemoglob-
inaemia in formula-fed infants (Comly, 1945).
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Figure 2.6: N2O flux following the application of urine in the spring, with or
without DCD. Treatments are N, Urea + Urine;  • , Urea + Urine + DCD (3
different DCD application regimes) (Di and Cameron, 2003)
However cases of methaemoglobinaemia have mainly been reported from pri-
vate wells where there may be bacterial contamination as well (World Health Or-
ganization, 2007), with bacteriological contamination of water now being strongly
implicated in methaemoglobinaemia. Addiscott and Benjamin (2004) states that
“More recent surveys have shown no correlation between methaemoglobinaemia
and nitrate in water until the concentration of nitrate exceeds 100 mg L−1” (22.6
mg NO−3 -N L
−1), with concentrations this high being possibly associated with bac-
terial pollution. Formula-fed infants are particularly susceptible to gastrointestinal
infections, which will further increase the risk of methaemoglobinaemia if bacterial
contamination of water is a contributing factor (World Health Organization, 2007).
Methaemoglobinaemia is a problem primarily for formula-fed infants below the
age of three months, as nitrate levels in breast milk are low. Few cases of met-
haemoglobinaemia have been reported in children over the age of one, and the only
cases reported in adults have been from very high doses of nitrate from accidental
poisoning or medical treatments (World Health Organization, 2007).
Nitrate has been reported to cause methaemoglobinaemia in ruminant animals
grazing high nitrate pastures, without reported bacterial contamination (Garner,
1963). However ruminants are capable of consuming large amounts of nitrate on
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a regular basis, and it is likely that this condition is caused by the “sudden intro-
duction of a readily consumed high-nitrate feed” rather than through exceeding a
set intake level of nitrate (Sinclair and Jones, 1964).
There also appears to be no link between nitrate and cancer (World Health Or-
ganization, 2007), and some researchers suggest nitrate may actually have benefits
for human health (Addiscott and Benjamin, 2004).
Accordingly, the World Health Organisation (WHO) recommends that form-
ula-fed infants not be given water exceeding 100 mg NO−3 L
−1 (22.6 mg NO−3 -N
L−1), with a guideline value of 50 mg NO−3 L
−1 (11.3 mg NO−3 -N L
−1) above
which parents and authorities must be particularly vigilant against gastrointestinal
infections (World Health Organization, 2006, 2007). The WHO also recommends
boiling of water for making infant formula where there is a risk of microbiological
contamination, and if drinking water exceeds 100 mg NO−3 L
−1 alternative water
sources should be used for infant formula if these are available.
Because methaemoglobinaemia is a problem only with formula-fed babies, it is
important to consider the societal influence on methaemoglobinaemia risk as well.
Ireland has the lowest rates of breastfeeding in Europe, with only 44% of moth-
ers exclusively breastfeeding when they leave hospital (ESRI, 2006). Of the remain-
ing mothers a small number are offering both breast-milk and formula (<5%) and
the remainder feeding only formula (ESRI, 2006). The majority of those mothers
exclusively breastfeeding when leaving hospital appear to either introduce form-
ula “top-ups” or give up breastfeeding entirely over the following 6 weeks or so,
however accurate statistics are hard to obtain. By way of comparison, in New
Zealand virtually all babies are exclusively breastfed on leaving hospital, with 66%
still exclusively breastfed at 6 weeks, and 51% at 3 months (New Zealand Ministry
of Health, 2002).
The World Health Organisation recommends babies are exclusively breastfed to
the age of 6 months (World Health Organization, 2002) - a practice which if followed
would virtually eliminate the risk of methaemoglobinaemia as well as having many
other health benefits. But there is far less visible promotion of this recommendation
in Ireland than in New Zealand (personal observation of both health systems), and
instead formula is actively promoted on television and even sometimes in pamphlets
in doctors waiting rooms.
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As a result, the vast majority of Irish babies receive formula or water before the
age of 3 months, placing them at risk of methaemoglobinaemia if their water sources
are not free of bacteria and low in NO−3 . Avoidance of methaemoglobinaemia is
therefore a higher priority in Ireland than in most other countries.
Having said that, despite the high risk factors in Ireland I have yet to find
a single reported case of drinking water nitrate induced methaemoglobinaemia in
Ireland. Furthermore, alternative sources of water are readily available in Ireland,
with large quantities of bottled water available cheaply in all supermarkets, so the
risk of methaemoglobinaemia can be readily avoided among formula-fed infants
even when the water drunk by the rest of the family contains a high level of nitrate.
In order to be certain to avoid methaemoglobinaemia, most countries have
set standards for drinking water that are below the WHO limit. For example,
the USA uses 10 mg NO−3 -N L
−1 (44% of the WHO limit of 22.6 mg NO−3 -N
L−1), while China uses 20 mg NO−3 -N L
−1 (88% of the WHO limit) (Hu et al.,
2005). Interestingly, New Zealand defines 11.3 mg NO−3 -N L
−1 (50% of the WHO
limit) as the limit for short-term exposure only with no value defined for long-term
consumption (New Zealand Ministry of Health, 2005). The New Zealand standards
are unclear as to whether this value applies to people other than formula-fed infants.
The EU has imposed a Maximum Allowable Concentration (MAC) for drinking
water of 50 mg NO−3 L
−1 (11.3 mg NO−3 -N L
−1) (The Council of the European
Union, 1998), with a guideline value of half this (5.65 mg NO−3 -N L
−1) and nitrate
leaching from farms must currently be managed in order to comply with the MAC
(Addiscott and Benjamin, 2004). Note that the EU maximum limit is half the
WHO limit, and the EU guideline value is half the WHO guideline value, with
these values being applied to all people (not just infants), making the EU MAC a
very stringent standard when compared to the WHO recommendations.
In summary, if any country has a high risk of methaemoglobinaemia it would be
Ireland, due to the low breastfeeding rates in this country. However it is very easy to
avoid methaemoglobinaemia in Ireland even if drinking water is contaminated - just
boiling water for formula to remove bacterial contamination (a common practice)
should greatly reduce the risk of methaemoglobinaemia unless nitrate levels are
over twice the MAC, and exclusive breastfeeding would eliminate the risk. It is
very difficult to justify the stringent EU guideline value of 5.65 mg NO−3 -N L
−1 on
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public health grounds.
Environmental problems
The undisputed issue with nitrate leaching is eutrophication of surface waters.
High nitrate (and phosphate) levels in lakes and streams can increase the growth
of aquatic plants and algae, altering the aquatic ecosystem. This has many negative
effects on biodiversity, and also on fisheries, shipping and the recreational value of
waterways. Eutrophication in itself is a serious enough reason to try to reduce
nitrate losses from agricultural land into water bodies.
In order to determine what stocking rates or fertiliser levels are acceptable
without causing eutrophication, it is necessary to know how much NO−3 can be lost
without causing eutrophication.
Jin and Tu (1990), cited in Cheng and Li (2006), outline criteria to evaluate
the trophic state of lakes in China. In their criteria a lake may be eutrophic if the
total N exceeds 1.4 mg L−1.
However Cognetti (2001) points out that “...mere determination of nutrient and
chlorophyll concentration in the waters is not sufficient to provide information on
the severity of eutrophication. Indeed, in eutrophic ecosystems, a very low con-
centration of nutrients is generally found, because they are stored in sediments...”.
The concentration of N observed in a eutrophic ecosystem may have little relevance
to the maximum allowable concentration in waters entering that ecosystem. If only
a small proportion of the N is in solution, it may have taken far larger inputs of N
than are indicated by the water content alone to have caused the system to become
eutrophic. It may also take far lower inputs of N than this to correct the situation,
because the total N content of the system is now so elevated.
The level of NO−3 input that can occur before causing eutrophication will vary
greatly between ecosystems. It is probably counterproductive to attempt to come
up with one threshold value, rather values need to be found for individual ecosys-
tems that require protecting. This will be a very complicated task.
At present there are no legislative values in Europe for maximum nitrate con-
centrations entering aquatic environments, the only legislative nitrate value being
the MAC drinking water standard, which may have little relevance to aquatic
ecosystems.
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2.4.2 Methods of measuring N leaching
Nitrogen leaching can be estimated from catchment studies, where the nitrogen
entering rivers and/or groundwater is recorded and tracked over time. This is useful
in determining the risk of eutrophication or drinking water pollution. However in
this study we are interested in quantifying the leaching from a single farm, or a
single paddock.
There are three major methods of measuring nitrate leaching on this scale:
suction cups, lysimeters and drainage plot studies.
Suction cups
Suction cups are porous ceramic cups buried in the soil (Figure 2.7). A suction is
applied to the cup to extract soil solution from the soil, into the cup. Suction cups
are cheap and can be installed in large numbers. They can be installed in the field
and measure nitrate concentrations in soil under a grazed pasture directly.
The major disadvantage of suction cups is that they only collect soil solution,
and can only be used to measure the nitrate concentration in soil solution. They
provide no measure of the total amount of drainage, and this must be obtained
from lysimeters or calculated from climatic data before the nitrate leaching from
the soil can be calculated.
There are also concerns surrounding the accuracy of suction cup data. The soil
solution collected is taken from one point at one time. A major drainage event
may be missed, and the solution during this time not recorded. Cups are also
installed in disturbed soil, and although measures can be taken to minimise the
risk of preferential flow down the hole they are installed in (such as the use of
a bentonite plug, Figure 2.7), the soil solution is likely to differ from that of an
undisturbed soil. Suction cups only sample soil solution from a small point, and
depending on the spatial variability of the soil this point may not be particularly
representative of the average nitrate concentration in the soil.
Suction cups have been found to give fairly accurate results in sandy soils,
with weak subsoil structural development. However for finer textured or stronger
structured soils they cannot be relied upon to give accurate nitrate leaching data
(Burgess et al., 2002; Hatch et al., 1997; Lord and Shepherd, 1993; Webster et al.,
1993).
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Figure 2.7: Porous ceramic cup design and installation (Lord and Shepherd, 1993)
Lysimeters
A lysimeter is a column of soil contained in a drum. All the drainage that leaves the
base of the soil column can be collected and analysed. The inputs to the surface of
the soil can also be rigorously controlled. A lysimeter gives a direct measurement
of the drainage volume and nitrate leached from a defined area of soil. A lysimeter
may be installed in the field (Figure 2.8), or in a purpose-built research facility.
Lysimeters are much more expensive than suction cups to install. They can usu-
ally only be installed in smaller numbers, which may affect the statistical accuracy
of the results. Lysimeters can consist of a drum filled with disturbed soil, however
these lysimeters may not represent the true pore distribution in a field soil. More
commonly, lysimeters contain a column of undisturbed soil, cut out of the field.
Using this method, there is always a gap left between the soil and the lysimeter
casing which soil water may flow down, bypassing the soil in the lysimeter and
artificially enhancing drainage volumes (Bergstrom, 1990). The most appropriate
method of reducing this appears to be to fill the gap with liquefied petrolatum
(Cameron et al., 1992).
If lysimeters are installed in a grazed field, they may be urinated or defecated
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Figure 2.8: Field lysimeters in a free-draining soil in Canterbury, New Zealand
on (giving a high nutrient loading, and therefore high leaching losses), or they
may not be. This can be taken into account by examining the data set from each
lysimeter individually, in order to identify those that have or have not had urine
applied to them. More commonly, lysimeter measurements of leaching from grazed
situations are taken using off-site lysimeters, which have controlled amounts of
urine and/or faeces applied to them. The leaching from these lysimeters can be
used to calculate field scale leaching values using information on the area coverage
of pasture by urine and/or faeces (Di and Cameron, 2002b).
Lysimeters appear to give accurate results in most soils. However if a soil has an
impermeable or weakly permeable layer that causes a large amount of lateral flow
in the field, lysimeters may not be appropriate. Lysimeters only allow vertical flow
of solutes, and to use them on these soils creates an artificial situation where water
may accumulate in the profile and be unable to drain out, or only slowly drain out.
For these soils, drainage plot studies may be more appropriate to determine nitrate
leaching losses.
Drainage plots
Drainage plots are used to measure nitrate leaching in soils with an impermeable
base, usually clay soils (Figure 2.9). Like lysimeters, they give a measure of both
drainage volume and nitrate leaching from a defined area. The area of a drainage
plot however may be much larger than a lysimeter.
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Figure 2.9: Drainage plots on slow-draining soils in Canterbury, New Zealand
In order for a drainage plot to work, an impermeable clay base is required.
There is a possibility that some water may still drain through this base, meaning
that the water sampled out of the drainage pipes may underestimate the true
leaching losses. However as a lysimeter would have more problems on these soils,
drainage plots are still the most appropriate method. The large size of a drainage
plot allows stock to graze over top of it, and urine and dung to be distributed over
the surface of the plot. The nitrate leaching recorded from the plot is a direct
measurement of the nitrate leaching per hectare of grazed pasture, it does not need
to be converted to obtain this figure. This is a major advantage of drainage plots
in grazed systems. However, if stock camp on the drainage plot area or avoid it, it
may have a different urine distribution to the paddock average and give a biased
nitrate leaching result.
Drainage plots have many positive features. However the requirement of specific
soil types does limit the applicability of these studies.
2.4.3 Effect of N input on nitrate leaching
Urine N
The major source of nitrate leaching from grazed pastures is animal urine, due
primarily to the high nitrogen loading under an animal urine deposition (Haynes
and Williams, 1993). Figure 2.10 shows little increase in NO−3 leached from the
control through the addition of urea at 200 kg N ha−1, but a large increase in
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NO−3 leached through the addition of urine at 1000 kg N ha
−1.
The nitrate leached from a urine patch will differ depending on the time of year
the urine is applied. Figure 2.10 shows urine applied in spring caused less leaching
loss of NO−3 than urine applied in autumn.
Many studies have been carried out in New Zealand looking at the nitrate
leaching loss under urine patches, however there is less data available for leaching
from soils in Ireland.
Fertiliser N
Although the major source of N lost from grazed grassland is urine, this nitrogen
must first enter the pasture system through some other means, a large proportion
of this being through fertiliser application. Fertiliser applied to a cut pasture will
increase the N leaching from the pasture in proportion to the amount of fertiliser
applied and the forms of N contained in that fertiliser. Figure 2.11 (a) shows nitrate
leaching enhanced by the application of N as either urea or dairy shed eﬄuent. In
this trial, application of N in any form at 200 kg N ha−1, and application of dairy
shed eﬄuent at 400 kg N ha−1 caused slight increases in N leaching. The greatest
increase in N loss was when urea was applied at 400 kg N ha−1. However even
this amount of leaching was much smaller than that recorded under urine patches
(Figure 2.11 (b)).
It can be seen however that under urine patches, the rate of fertiliser application
had an even greater effect on N leaching than where no urine was applied (Figure
2.11 (b)). When fertiliser N was applied in any form the nitrate leaching loss peaked
higher and earlier than under urine application alone. The highest peak leaching
loss was obtained under application of both urine and urea fertiliser. Application
of dairy eﬄuent caused a lower peak than application of urea, however the nitrate
leaching persisted for longer.
Although the majority of the nitrate leached from a grazed pasture comes from
the urine patches, the amount of nitrate leached is influenced by the rate and type
of fertiliser applied to the pasture.
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Figure 2.10: Total annual NO−3 -N leached from lysimeters containing a Lismore soil
with urea applied at 200 kg N ha−1 and urine applied at 1000 kg N ha−1 (adapted
from Di and Cameron, 2002b)
2.4.4 Differences between soil types
Annual leaching under a urine patch with 200 kg N ha−1 as urea and 1000 kg N
ha−1 as urine in autumn was measured by Di and Cameron (2002b, 2004b). Nitrate
leaching on a deep, sandy soil was measured to be 85 kg N ha−1 (Figure 2.4), and
516 kg N ha−1 on a shallow stony silt loam (Figure 2.10).
Decau et al. (2003) found differences in the total nitrogen leached from three
soils following urine application. Leaching from a 2 m2 lysimeter containing a urine
patch was 19.5 kg N ha−1 in the 12 months following urine application on a sandy
Brunisol. Leaching from a Calcosol clay soil was 12.7 kg N ha−1 over this period,
while total leaching from a Neoluvisol silt was only 2.5 kg N ha−1 (Figure 2.12).
Clough et al. (1998) observed differences in the total N leached from lysimeters
of four different soil types over the 406 days following urine application. The total
leaching loss of N was in this case highest on silt loam (45.5 kg N ha−1), clay (41.7
kg N ha−1) and peat (41.7 kg N ha−1) soils, and lowest on a sandy loam (30.3 kg N
ha−1). There were also differences in the form of nitrogen leached. The sandy loam
soil had the highest proportion of nitrate leached, other soils leaching significant
quantities of NH+4 and (in the clay soil) NO
−
2 . This was however measured on
lysimeters that were only 500mm deep, and in the field further transformations
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Figure 2.11: (a) Nitrate concentration of leachate from control (◦), dairy eﬄuent
(DE) 200 kg N/ha (2), DE 400 kg N/ha (N), urea 200 kg N/ha (O), and urea 400
kg N/ha (3) treatments over the experimental period. Vertical bars indicate l.s.d.
at P = 0.05. (b) Nitrate concentration of leachate from control (◦), urine 1000 kg
N/ha (2), urine 1000+DE 200 kg N/ha (N), urine 1000+urea 200 kg N/ha (O),
and urine 1000+DE 200+urea 200 kg N/ha (3) treatments over the experimental
period (Silva et al., 1999).
Figure 2.12: Total N leached from urine applied to three different soil types over a
period of 12 months (adapted from Decau et al., 2003)
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might occur to nitrogen below this depth before it is leached. Pakrou and Dillon
(2000) observed much lower leaching losses of NO−3 from 1000mm than from 450mm
deep lysimeters. Whether or not the results of Clough et al. (1998) reflect the true
leaching at 1m or greater depth, they still illustrate clear differences in leaching
between soil types.
Soil type can have a large influence on the amount and form of N leached.
Markedly different soils must be considered separately when predicting nitrate
leaching. For this reason the current detailed New Zealand research cannot be
superimposed directly into Ireland, and research must be conducted on Irish soils
to determine the leaching from Irish farms.
2.5 Nitrification Inhibitors
Nitrapyrin (2-chloro-6-trichloromethyl pyridine) has been used since the 1960’s as
a nitrification inhibitor. Other compounds include ATC (4-amino-1.2.4-triazole),
sodium or potassium azide, CL-1580 (2,4-diamino-6-trichloromethyl-s-triazine), and
DCD (dicyandiamide) (Schmidt, 1982). DCD has received considerable research
attention in New Zealand in recent years, and appears very effective at reduc-
ing NO−3 leaching even in the high soil N conditions encountered under a urine
patch (Figures 2.4 and 2.10), along with the leaching of associated cations (Di and
Cameron, 2004b).
The effectiveness of a nitrification inhibitor is influenced by soil texture, pH and
organic matter content. Nitrification inhibitors work on soil organisms in different
ways and will have different effects on nitrification depending on the conditions,
such as soil temperature. One nitrification inhibitor may be appropriate in one soil
and climate, while another is appropriate elsewhere. The persistence of the active
chemical in soil also varies between nitrification inhibitors (Schmidt, 1982).
DCD has been shown to reduce the total annual nitrate leaching loss under an
1000 kg N ha−1 autumn urine patch on a free-draining Lismore soil from 488 - 516
kg N ha−1 to 112 - 128 kg N ha−1 , an average reduction of 76% (Di and Cameron,
2002b). DCD also reduced the annual nitrate leaching loss from a spring urine
patch from 397 kg N ha−1 to 230 kg N ha−1, a reduction of 42% (Di and Cameron,
2002b). Di and Cameron (2005) recorded a 68% reduction in NO−3 -N loss from
1000 kg urine-N ha−1 on a Lismore soil.
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DCD reduced the total annual nitrate leaching loss under a 1000 kg N ha−1 au-
tumn urine patch on a deep Templeton soil from 85 kg N ha−1 to 20 - 22 kg N
ha−1 , a reduction of 74 - 76% (Figure 2.4; Di and Cameron (2004b)).
DCD has also been shown to reduce NO−3 leaching from lower urine application
rates, with Di and Cameron (2007) recording reductions in NO−3 -N loss of 83, 60
and 45% when urine was applied at 300, 700 and 1000 kg N ha−1 to a free-draining
stony soil.
Soil temperature has a major effect on the persistence of DCD in the soil.
At 8 ◦C DCD had a half-life in a urine-treated Lismore soil of 111 - 116 days,
depending on the application rate. At 20 ◦C the half-life was reduced to 18 -
25 days (Di and Cameron, 2004a). This partially explains the greater reduction
in nitrate leaching from autumn-applied urine than from spring-applied urine by
DCD (Di and Cameron, 2002b).
Research has shown that DCD must be applied at 10 kg ha−1 or more to be
effective at reducing nitrate leaching losses from urine patches (Di and Cameron,
2005). A positive pasture production response to DCD has been recorded on many
trials (Di and Cameron, 2002b, 2004b, 2007; Moir et al., 2007), which has been
calculated to give a potential return on investment in a New Zealand dairy system
of 179 - 319%, making DCD a viable economic option for farmers (Cameron et al.,
2005). DCD also helps to reduce nitrous oxide emissions (Di and Cameron, 2003,
2006; Di et al., 2007; Di and Cameron, 2008) and reduce leaching of nutrient cations
(Di and Cameron, 2004a, 2005).
The long half-life of DCD in the autumn allows it to have an effect on urine
patches that occur long after the DCD is applied. Cameron et al. (2004) applied
DCD in May (NZ autumn) and urine in July to a Lismore soil. Urine applied
to DCD-treated soil lost much less nitrate through leaching than urine applied to
untreated soil (Figure 2.13).
Recent studies have suggested that DMPP (3,4 - dimethyl pyrazole phosphate)
may be an alternative nitrification inhibitor to DCD for use in grasslands. At
present there does not appear to be much information on the effect of DMPP on
nitrification in a pasture soil. DMPP has been shown to reduce NO−3 leaching,
possibly more effectively than DCD (Zerulla et al., 2001). An application rate of
only 0.5 - 1.5 kg DMPP ha−1 appears sufficient to inhibit nitrification to a similar or
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Figure 2.13: Effect of DCD applied two months before urine on the total amount
of nitrate leached from the Lismore soil lysimeters (Cameron et al., 2004)
greater level than DCD at 10 times this rate (Zerulla et al., 2001). DMPP persists
for longer in the soil than DCD (Weiske et al., 2001), although other researchers
have found the nitrification effect of the two chemicals to have a similar persistence
under various temperatures (Irigoyen et al., 2003). DMPP is less soluble than DCD
and is less likely to leach out of the soil itself (Wissemeir et al., 2002; Zerulla et al.,
2001). It is currently marketed as the DMPP coated nitrogen fertiliser ENTEC, and
many studies to date have compared DMPP and DCD coated fertilisers (Irigoyen
et al., 2003; Wissemeir et al., 2002) or DMPP incorporated into slurry (Macadam
et al., 2003). The relevance of these studies to direct application of DMPP or DCD
to urine patches is questionable, and further work must be carried out to investigate
this. DMPP must be registered as a pesticide in order to be used in many countries,
whereas DCD does not require this, due to its long proven ecotoxicological safety
record. DMPP shows potential for future studies into nitrification inhibition but
is as yet unproven on grassland.
Little if any data is available in the literature on the effect of nitrification
inhibition on leaching from soils in Ireland.
2.6 Mechanisms of nitrate leaching
Nitrate exists in solution in the soil. It is leached from the soil in drainage water.
The amount of nitrate leached will depend on both the volume of drainage water
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and the concentration of nitrate in that water. The following discussion explains
the characteristic breakthrough curves for nitrate leached from urine patches in
temperate region soils in New Zealand.
Urine, the source of this nitrate, is added to soil as a pulse of solute that is then
washed through the soil by rain or irrigation water. This situation is called “Zonal
displacement”, where a zone of high solute concentration (from urine in this case)
is displaced down through the soil profile. Solute movement will be affected by
three main processes, namely convection, diffusion and hydrodynamic dispersion.
Convection describes the pulse of solute moving downwards, carried in drainage
water as illustrated in Figure 2.14a. The distance transported over time will depend
on the average pore water velocity (U), as in the below equation (where q = water
flux and θ = volumetric water content).
U =
q
θ
Solute is not just moved passively down the profile by water. At the same time it
will be diffusing from areas of high concentration to areas of lower concentration.
The solute will diffuse into both the original soil water below it, and the water
above it washing it through the profile. This will cause the pulse of solute to
spread out.
Hydrodynamic dispersion describes the mechanical mixing caused by the action
of a solution flowing through soil. Some solute will move rapidly down large pores,
while other solute will move more slowly down smaller pores. Even within a pore
the flow velocity is not uniform, with water flowing rapidly in the centre of the
pore and much more slowly at the edges. Pores may also be tortuous, and do not
necessarily travel straight downwards. Some pores will have a longer flow path
length than others to travel the same distance down the soil. All these processes
will cause the solute to spread out still further through the soil.
This combined convective - diffusive - dispersive transport is described by the
Convective-Dispersive Equation (CDE), which describes the rate of change in con-
centration at a point in the soil.
δc
δt
= Da
δ2c
δx2
− U δc
δx
Where:
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Figure 2.14: Schematic diagram of the various components of leaching: (a) con-
vective transport alone; (b) convection-diffusion-dispersion; (c) macropore bypass
and macropore leaching; (d) solute adsorption; (e) solute exclusion (McLaren and
Cameron, 1996)
Da = apparent diffusion coefficient (sum of diffusion plus dispersion)
U = average pore water velocity
c = concentration of solute
t = time
x = position of point in soil profile
Convection, diffusion and dispersion together would give a solute concentration
distribution in the soil under a urine patch similar to that shown in Figure 2.14b.
However in practice this is not exactly what occurs, as soil interacts with the solute
in other ways as well.
When a large quantity of water is applied to the surface of the soil it will
tend to move rapidly down macropores in the soil, rather than evenly through
all soil pores. Where there are solutes in this infiltrating water this will cause
“macropore leaching” (Figure 2.14c). However if the solutes are present within the
soil aggregates and heavy rainfall or irrigation occurs causing ponding on the soil
surface, then “macropore bypass” will occur (Figure 2.14c).
If solutes are adsorbed by the soil colloids (eg. NH+4 ), they will be retained
in the soil, giving the situation illustrated in Figure 2.14d. However if they are
repelled (eg. NO−3 ) the situation illustrated in Figure 2.14e will arise. Another
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factor in the leaching of NO−3 from urine patches is the fact that in order for NO
−
3 to
be leached, the urea in urine must undergo both mineralisation and nitrification.
These processes take time, and will delay the leaching of NO−3 .
The pattern of leaching is illustrated by the “breakthrough curve”, the concen-
tration of nutrients in the drainage water over time. If a NO−3 solution was applied
to a column of inert glass beads, the breakthrough curve of NO−3 leaching would
look something like that in Figure 2.15. However, due to all the processes described
above, the actual breakthrough curve of NO−3 under a urine patch tends to be less
even and look more like Figure 2.16.
2.7 Nitrate Leaching Research in Ireland
2.7.1 Dairy farming in Ireland
Average farm sizes in Ireland are not well documented, as many farms are run as
a number of blocks and may be entered as one farm or several farms in different
surveys. The average size of farms in a particular sector is also difficult to establish,
as farms may be mixed and involve more than one farming type. The average farm
size for all farming types in Ireland in 2003 was 32.3 hectares (The Department of
Agriculture, 2005b).
The average herd size varies depending on the source of information. The
Department of Agriculture (2005a) reported an average of 37.2 cows in 2001. The
Irish Farmers Journal (2002) reported an average of 45 cows in 2002, as compared
with 33 cows for the EU as a whole, and 251 cows for New Zealand.
The mean annual precipitation for Ireland as a whole is 1,100 mm. Although
this is not exceptionally high, the cloudy climate causes low evapotranspiration.
In general rainfall is 2 - 3 times the mean annual evapotranspiration (Gillmor,
1977). An averaged rainfall and evapotranspiration pattern for Ireland, adapted
from Mills (2000), is shown in Figure 2.17. This figure also shows a calculated
monthly water surplus, that could potentially leave the soil as drainage or surface
runoff. It can be seen that there are only two months in which evapotranspiration
exceeds rainfall, causing a small soil moisture deficit for these two months. The
total annual water surplus is 682 mm.
Most Irish soils are derived from glacial deposits, and are highly variable. Lime-
44 CHAPTER 2. LITERATURE REVIEW
Figure 2.15: Standard breakthrough
curve
Figure 2.16: Nitrate leaching losses un-
der cow (1000 kg N ha−1) and sheep
(500 kg N ha−1) urine patches com-
pared with those from urea from lysime-
ter studies (Di and Cameron, 2002a)
Figure 2.17: Monthly precipitation (P) and evapotranspiration (Et) for Ireland,
adapted from Mills (2000), and the resultant monthly soil moisture surplus
2.7. NITRATE LEACHING RESEARCH IN IRELAND 45
stone is the most common parent material in the lowland, while the upland is
formed from granite, gneiss, schist, quartzite, slate, shale and sandstone (Gillmor,
1977).
2.7.2 Previous research
Research into nitrate leaching under grazed grassland in Ireland to date has been
limited. Teagasc has recently installed an extensive lysimeter facility at Johnstown
Castle research station, so this situation should be rectified over the next few years.
A study of the nitrate leaching under a steer grazing trial over two years on a
freely draining soil at the Teagasc Moorepark research centre (Curtin’s farm, Co.
Cork) was reported by Ryan (2002). The mean concentration of NO−3 -N in soil
solution as measured with 500 mm deep ceramic cups ranged from 0.4 - 4.5 mg N
L−1, with the maximum peak concentration only reaching 9.9 mg N L−1, still under
the EU Maximum Admissible Concentration (MAC) of 11.3 mg NO−3 -N L
−1. The
shallow depth of these ceramic cups would suggest that the actual concentration
of drainage water would be even less, as more NO−3 may be removed from solution
by roots below this depth.
The preliminary results of a similar trial under a dairy system, using 1m deep
ceramic cups, were also reported. A range of management treatments was in place
in different areas of the farm, with varying values for nitrate leaching. The drain-
age water concentration of NO−3 varied from 1.9 mg N L
−1 under a 1-cut silage
treatment to 12.0 mg N L−1 when dirty water (farm dairy eﬄuent) was applied
to pasture. The weighted mean value for drainage water concentration from the
whole farm was 8.0 mg NO−3 -N L
−1, below the MAC but above the Guide Level
of 5.65 mg N L−1 (Ryan, 2002).
Humphreys et al. (2008) recorded groundwater NO−3 -N concentrations at 1 m
under a heavy clay loam soil at the Teagasc Solohead research farm (Co. Tipperary)
to be 0.70, 0.86 and 1.07 mg NO−3 -N L
−1 at stocking rates of 1.75, 2.1 and 2.5 dairy
cows per hectare.
The soil mineral N concentrations (NO−3 -N plus NH
+
4 -N) below urine and non-
urine areas of pasture were reported by O’Connell et al. (2004) (Table 2.8). If
it is assumed that the soil mineral-N concentration at 60 - 80 cm represents the
drainage concentration of N, and that the majority of this N is in the form of NO−3 ,
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all values are still below the MAC. The concentration of N under urine patches is
clearly higher than the concentration under non-urine areas of soil.
These published trials have all used soil or soil solution sampling to obtain the
soil solution concentration of N. The leaching losses of N can only be estimated
using this data combined with information on the drainage flux from the soil. I
have as yet been unable to locate published data from lysimeter or drainage plot
studies that directly measures the nitrate leaching from grazed pastures in the
Republic of Ireland.
Furthermore, these previous trials do not show the difference in nitrate leaching
between pastures under the EU recommended 2.0 LU ha−1 maximum stocking rate
and the stocking rate of 2.5 LU ha−1 that would be preferred by many Irish farmers.
This is critical information that needs to be obtained in order for practical strategies
for the mitigation of nitrate leaching to be developed.
Bartley (2003) recorded that increasing grazing intensity at the Moorepark
research centre increased the average groundwater nitrate concentration, finding
a linear relationship between grazing intensity and groundwater NO−3 -N in two
successive years. The current trial is intended to develop a method of predicting
this increasing NO−3 -N loss with grazing intensity on a range of soils.
2.8 Conclusion
Nitrate leaching is a serious problem, which has the potential to cause severe en-
vironmental damage and flow-on effects to both industry and recreation. There
appears to be little public health risk from NO−3 , although Ireland has higher risk
factors than many other countries. However nitrate leaching contributes to eu-
trophication of surface waters and this is undesirable. The EU has set stringent
maximum NO−3 limits for drinking water, but has not specified acceptable levels of
loss to rivers and marine environments. In order for the drinking water limits to
be met, nitrate leaching from agriculture must be assessed and possibly reduced in
some situations.
When determining the nitrate leaching loss from a grazed pasture, urine patches
are the most important areas of pasture to consider. They must be considered
separately to non-urine areas, and the sum of the nitrate leached from the urine
areas and the non-urine areas (after adjusting for the areas covered) will equal the
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Table 2.8: Soil mineral-N concentrations in June 2001, at four depths, beneath
urine patch and non-urine areas, in swards receiving varying N inputs (average for
two sites) (O’Connell et al., 2004)
Treatment N-Input Patch Soil Depth (cm)
(kg N ha−1) Type 0-20 20-40 40-60 60-80
Soil mineral N (kg N ha−1)
0 Cut 0 Control 16 8 6 7
0 G* 0 Non-urine 17 7 6 5
90 G* 60 Non-urine 17 10 7 7
350 G* 220 Non-urine 29 10 9 9
0 G* 0 Urine 91 22 9 8
90 G* 60 Urine 152 27 11 9
350 G* 220 Urine 334 50 15 11
* G = Grazed
total nitrate leaching from the pasture.
Lysimeters are an accurate method of measuring the nitrate leaching loss on
most free-draining soil types, the exception being soils with impermeable layers
where lateral flow is the major drainage method. Lysimeters should give accurate
nitrate leaching estimations for the Clonakilty and Elton soil types, those used in
this trial that are most important to dairy farming in Ireland. The nitrogen leach-
ing measured by lysimeters under the Rathangan soil may be more questionable,
however this soil is of less commercial importance to dairy farming.
GPS has been established as an accurate and flexible method of recording urine
patch distribution. GIS software allows accurate analysis of GPS data. The com-
bination of GPS-recorded urine patch distribution and lysimeter data on nitrate
leaching from urine and non-urine areas should allow accurate nitrate leaching
figures for pasture to be calculated.
The amount or concentration of nitrate leaching from soils in Ireland at 2.0
and 2.5 LU per hectare has not yet been published. This information is vital to
determine what stocking rate of cows can be carried on Irish dairy farms while
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minimising environmental damage. If nitrate leaching is found to be excessive in
some Irish dairy systems, it is not yet known whether nitrification inhibition would
be effective at mitigating this nitrate leaching. This also needs to be determined
by research.
Chapter 3
Lysimeter trial
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3.1 Introduction
Environmental protection in Europe is carried out through extensive regulation.
These regulations typically take the form of blanket rules over wide areas, with the
ultimate result of the nitrates directive being to limit farmers to approximately 2
cows per hectare, regardless of the soil or climatic conditions.
The primary purpose of this lysimeter trial was to determine the actual losses
of nitrogen from typical urine patches and inter-urine patch areas under Irish dairy
farming conditions and on three different soils. This information will be used in
conjunction with the results of the GPS trial to estimate the actual on-farm losses
of N per hectare from grazed pasture (Chapter 5: Field scale losses).
The second purpose of this lysimeter trial was to determine the effectiveness of
using the nitrification inhibitor DCD to reduce the losses of N from urine patches.
Where N loss is deemed excessive, DCD use may help to reduce it, and allow a
farmer to either maintain their stocking rate at a higher level than they would
otherwise have been allowed to, or reduce N loss to a lower level at the same
stocking rate in order to protect sensitive environments.
3.2 Method
3.2.1 Lysimeters
A field lysimeter facility was established at the Teagasc Johnstown Castle Research
Centre in 2003. Seventy two lysimeters were collected, from three soil types. The
Clonakilty is a well drained brown podzolic soil from county Cork, with loam
textured A and B horizons (down to 54 cm), over a sandy loam C horizon. The site
had been under pasture for approximately five years. The Elton is a moderately well
drained brown earth from Kilmallock, Co. Limerick. The soil has a loam texture
and the site was under old pasture. The Rathangan is a poorly drained clay loam
from Cleariestown, Co. Wexford. The Clonakilty and Elton soils represent soil
classes that are important for dairy farming in Ireland. For full soil descriptions
see Appendix B, page 195. The locations where the soils were sampled from and
where they were installed at Johnstown Castle are shown in Figure A.1.
Lysimeters were 0.8 m in diameter and 1 m deep, and sampled following the
procedure given in Cameron et al. (1992). Figure 3.1 shows a lysimeter being
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excavated, and the casing being forced down over the lysimeter. Figure 3.2 shows
the hydraulic cutting plate that was used to cut the base of the lysimeter away
from the soil. This cutting plate was left under the lysimeter, and a second plate
was added to the top. These plates were then bolted together to hold the soil in the
casing, and the lysimeter was lifted out of the ground (Figure 3.3). The lysimeter
was then turned upside down and transported back to Johnstown Castle.
The lysimeter casings were constructed from polythene, the sides being made
from 0.8 m internal diameter pipe, and the base from polythene sheeting. A ten
centimetre layer of soil was removed from the base of the lysimeter, and was re-
placed with gravel to ensure good drainage. All parts were attached by plastic
welding. A water trough was constructed around the rim of each lysimeter to allow
a gas sampling chamber to be fitted to the top. The gap between the soil and the
casing was filled with petrolatum to prevent edge flow (Cameron et al., 1992).
The lysimeters were installed in a field, arranged in nests of three lysimeters,
each nest containing one lysimeter of each soil type. Each nest had a fence around
it to allow cattle to graze the field without grazing the lysimeters. These nests were
arranged so that the field can in future be divided into six paddocks for grazing
experiments, each paddock containing twelve lysimeters. Three drainage collection
chambers were dug in the centre of the field to a depth of three meters. The
drainage pipes from the lysimeters were run to these chambers, using a laser level
to ensure a constant fall and minimise the risk of water pooling within the pipe.
Figure 3.4 shows three lysimeters being installed in a nest. Note the drainage
pipes, the flat sand base that the lysimeters are sitting on, and the water trough
at the rim of each lysimeter. Figure 3.5 looks north, showing the south-east side
of the lysimeter facility. Note the fenced rectangles (“nests”, each containing three
lysimeters) the two concrete collection chambers (the third is out of the photo),
and the shed for storage of gas chambers and other equipment. The Teagasc office
and laboratory building complex can be seen in the background. Figure 3.6 is a
closer view of nest “C1”, looking south. Other nests, the shed and two collection
chambers are visible in the background. Figure 3.7 shows the leachate collection
vessels for two nests (six lysimeters) in a subterranean chamber.
Several lysimeters (numbers 4, 11, 31, 37, 47, 48, 49 and 70) leached excessive
amounts of water compared to the rest in the 2006 / 2007 drainage season. These
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Figure 3.1: Excavating a Clonakilty lysimeter in Co. Cork
Figure 3.2: Cutting the lysimeter base with a hydraulic cutting plate
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Figure 3.3: Lifting and transporting the lysimeters
Figure 3.4: A nest of three lysimeters
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Figure 3.5: South-East side of Johnstown Castle field lysimeter facility
Figure 3.6: A completed nest of three lysimeters
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Figure 3.7: Leachate collection vessels in a subterranean chamber
lysimeters were excavated, checked and repaired where necessary in August 2007.
Figure 3.8 shows a lysimeter being tested for leaks. The lysimeter was excavated
from the pit in the foreground. It was then lifted out and placed on a stand. The
outlet pipe is connected to a tank, and the lysimeter is flooded with water from
the bottom. Leaks can develop in the connection between the outlet pipe and the
base (Figure 3.9), and in the weld between the base and the casing. All leaks were
repaired by plastic welding.
3.2.2 Treatments
Leaching measurements were taken over two years - 2006/2007 and 2007/2008.
Treatments were applied in the autumn of 2006 and 2007, with leachate being
collected for 12 months following treatment application.
Autumn 2006 treatments
Eight treatments were applied in late 2006, as listed below, to lysimeters containing
each soil type. Treatments were applied in a randomised complete block design with
three replicates per treatment, a total of 72 lysimeters. Urine was applied on the
11th of September and the 6th of November.
1. Control (no nitrogen fertiliser)
2. Fertiliser for 2 LU/ha (141 kg N ha−1)
3. Fertiliser for 2.5 LU/ha (291 kg N ha−1)
4. Fertiliser for 2 LU/ha (141 kg N ha−1) + Urine in November
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Figure 3.8: Checking a lysimeter for leaks
Figure 3.9: The base and outlet pipe of a lysimeter
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5. Fertiliser for 2.5 LU/ha (291 kg N ha−1) + Urine in November
6. Fertiliser for 2 LU/ha (141 kg N ha−1) + Urine in November + DCD
7. Fertiliser for 2.5 LU/ha (291 kg N ha−1) + Urine in November + DCD
8. Fertiliser for 2.5 LU/ha (291 kg N ha−1) + Urine in September
Fertiliser was applied as five (to give a total of 141 kg N ha−1) or seven (to
give a total of 291 kg N ha−1) applications of urea or calcium ammonium nitrate
(CAN). Urea was applied in the first two applications (March and April), with
CAN being used for the remainder of the year.
Urine was collected fresh from cows at the Johnstown Castle dairy farm (Figures
3.10 and 3.11), and standardised by dilution with deionised water to produce a
concentration of 5.1 g N L−1. Three litres of standardised urine were applied
to each lysimeter, evenly spread over the entire soil surface, giving an equivalent
application rate of 306 kg urine N ha−1. This N concentration and volume had
been used on these lysimeters previously, and were used to provide continuity with
previous work. They were originally selected as an estimate of an average Irish
dairy cow urination based on observations at the Johnstown Castle dairy farm.
DCD was applied at 10 kg ha−1, in solution (Di and Cameron, 2005, 2007;
Di et al., 2007; Moir et al., 2007). Fifty millilitres of solution were applied to
the surface of each lysimeter using a syringe, with drops evenly spread over the
entire surface of the lysimeter. Irrigation was not applied after application to wash
the DCD into the soil (as is normally done at Lincoln University, New Zealand),
because few Irish farmers have access to irrigation. Rainfall is frequent in Ireland,
and would be relied upon by farmers to wash DCD into the soil. DCD was applied
once immediately following urine application, and again on the 12th of March 2007,
resulting in a total application of 20 kg DCD ha−1.
Autumn 2007 treatments
This treatment plan was slightly changed for the 2007 application, as outlined
below. In 2007 all urine was applied on the 8th of November. The September
treatment application (Treatment 8) was removed as it was not relevant to the
current experiment, and was replaced with a higher urine N loading treatment
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Figure 3.10: Urine collection at the Johnstown Castle dairy shed
Figure 3.11: Collection of urine from a cow
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(1000 kg N ha−1) to allow easier comparison with results from trials conducted at
Lincoln University.
1. Control (no nitrogen fertiliser)
2. Fertiliser for 2 LU/ha (141 kg N ha−1)
3. Fertiliser for 2.5 LU/ha (291 kg N ha−1)
4. Fertiliser for 2 LU/ha (141 kg N ha−1) + Urine
5. Fertiliser for 2.5 LU/ha (291 kg N ha−1) + Urine
6. Fertiliser for 2 LU/ha (141 kg N ha−1) + Urine + DCD
7. Fertiliser for 2.5 LU/ha (291 kg N ha−1) + Urine + DCD
8. Fertiliser for 2.5 LU/ha (291 kg N ha−1) + Urine (1000 kg N ha−1)
The urine treatments were modified this year to better represent the field situ-
ation. There was a concern that in reality urine is not applied evenly over a wide
area, but rapidly in one spot. Applying urine evenly as was done in 2006 may dis-
courage macropore flow that would occur in the field, and not replicate a natural
urine patch. This does not invalidate the 2006 data, as applying urine evenly is
standard practice, but simply improves the methodology further.
To this end, in 2007 urine patches consisted of 2 L of 8.6 g N L−1 urine. These
values were approximate literature averages (see Section 2.2, page 5). Urine was
poured in an even stream onto the centre of the lysimeter over a 10 second period,
rather than to the entire lysimeter surface as in 2006, to better represent the field
situation. Assuming the urine spread to cover an 0.33 m2 area as in the field (Table
2.4), the leaching loss from these lysimeters represents that from an 0.5 m2 area of
soil containing a literature average 0.33 m2, 521 kg NO−3 -N ha
−1 urine patch. The
mean application rate over the entire lysimeter surface was 344 kg NO−3 -N ha
−1,
similar to the rate used in 2006, to allow direct comparison between the two years.
The 1000 kg N ha−1 urine treatment consisted of 5 L of 10.0 g N L−1 urine,
applied uniformly to the entire lysimeter surface.
DCD was applied at 10 kg ha−1, in solution. Fifty millilitres of solution were
applied to the surface of each lysimeter, this time using a fine mist spray bottle
(Figure 3.12). Irrigation was not applied after application. DCD was applied
60 CHAPTER 3. LYSIMETER TRIAL
once immediately following urine application, and again on the 11th March 2008,
resulting in a total application of 20 kg DCD ha−1.
The fertiliser regime was the same as in 2006.
Previous work on these lysimeters
The results from previous work on these lysimeters in 2005 were available and will
be referred to later (Stark et al., 2007). Urine was applied at the same rate as in
2006. The fertiliser regime on some lysimeters was switched to 141 kg N ha−1 at
the start of 2006. So for some 2005 treatments the fertiliser regime changed half
way through. Treatments for 2005 were as follows:
1. Control (no nitrogen fertiliser)
2. Fertiliser 1 (291 to 141 kg N ha−1)
3. Fertiliser (291 kg N ha−1)
4. Fertiliser (291 to 141 kg N ha−1) + Urine 1 (28 April)
5. Fertiliser (291 to 141 kg N ha−1) + Urine 2 (24 July)
6. Fertiliser (291 kg N ha−1) + Urine 3 (15 September)
7. Fertiliser (291 kg N ha−1) + Urine 4 (14 October)
8. Fertiliser (291 kg N ha−1) + Urine 5 (13 November)
3.2.3 Leachate sampling
Leachate was collected in 20 L containers (Figure 3.7). Containers were sampled
when most were around half full, although at this point some containers would
be nearly full and some would contain very little leachate. There were seventeen
collections taken in the year following the 2006 and treatment applications, and
twenty two collections following the 2007 treatments. Collections were approxi-
mately weekly during December and January, and approximately fortnightly for
the remainder of the leaching period.
The volume of leachate was measured using weighing scales. Two 50 ml samples
of leachate were collected for analysis, and the remainder was discarded. Leachate
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Figure 3.12: Application of DCD using a spray bottle
was analysed for nitrogen as Total N, Total Oxidised N (TON), NH+4 -N and NO
−
2 -
N (NO−3 -N being calculated by subtracting NH
+
4 -N and NO
−
2 -N from TON) using
standard methods. Leachate was also analysed for total P, Ca, Mg, Na, K and Cl.
The methods of analysis used are outlined in Appendix E.
Leachate was collected for twelve months following the application of each treat-
ment.
3.2.4 Gaseous emission sampling
The emission of nitrous oxide was measured for 4 months following the 2006 treat-
ment application. Nitrous oxide emission was not measured following the 2007
treatment application due to resource constraints.
Nitrous oxide emissions were recorded using a closed chamber technique (Di
and Cameron, 2003) (Figure 3.13). Emissions were recorded at least once a week,
and more frequently immediately following application of urine, fertiliser or DCD.
Each chamber contained a fan to circulate the air and ensure an even concentration
of gas throughout the chamber. The join between the cover and the lysimeter rim
was sealed using a water trough. Clear plastic chambers were placed on lysimeters
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Figure 3.13: Sampling gaseous emissions using closed chambers
at around 10 am, with one gas sample being taken from each chamber after one
hour, along with background air samples. The initial concentration of N2O in the
chambers was assumed to be the same as the background air concentration taken
at one hour, and the N2O emission over one hour was calculated from the difference
between the chamber concentration and the background concentration.
Emissions were measured from the Control, High Fertiliser, Urine Low Fertiliser,
Urine High Fertiliser, Urine Low Fertiliser DCD, and Urine High Fertiliser DCD
treatments (Treatments 1, 3, 4, 5, 6 and 7) from treatment application to the 7th
of March 2007, by which date emission from the urine treatments appeared to have
reduced to background levels.
3.2.5 Herbage sampling
Herbage was harvested monthly by hand, to simulate grazing practices on the dairy
farm. Herbage wet and dry weight was recorded. A sub-sample was digested using
Kjehldahl digestion (see Appendix E) and analysed for total N using standard
methods.
3.2.6 Statistical analysis
Data were analysed using a linear model in R (R Development Core Team, 2008).
When statistics are quoted in the text, unless otherwise stated, they have been
obtained using ANOVA and orthogonal contrasts in R. When error bars are shown
on graphs, unless otherwise stated they are ±1 standard error of the mean.
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3.3 Leachate results
This section presents the nitrate-N losses and supporting data. A summary of the
losses of other nutrients is given in Appendix C.
3.3.1 November 2006 to October 2007
Some results from the 2006 treatments were presented in Richards et al. (2008).
NO−3 -N concentration
The concentration of nitrate nitrogen (NO−3 -N) versus mm drainage for each soil is
shown in Figures 3.14, 3.15 and 3.16. The peak NO−3 -N concentration was recorded
after around 250 mm of drainage for the Clonakilty soil, and around 300 mm for the
Rathangan and Elton soils. Concentrations had returned to background levels by
500 - 600 mm of drainage. The mean total (annual) drainage from the Clonakilty,
Elton and Rathangan soils was 645, 626 and 503 mm respectively.
On the Clonakilty and Elton soils, DCD tended to reduce the peak N concen-
tration but maintain high concentrations for slightly longer than when urine alone
was applied (Figures 3.14 and 3.15).
The peak nitrate concentrations from each treatment, averaged across all soils,
are illustrated in Figure 3.17. Application of fertiliser caused no change in peak
N concentration (P > 0.05). Peak concentrations from the Urine treatments were
higher than from the Control or Fertiliser only treatments (P < 0.001). The ap-
plication of DCD reduced the mean peak N concentration from November urine
treatments from 101.4 to 68.1 mg NO−3 -N L
−1 (P < 0.001). The peak NO−3 -N
concentration from the September Urine + High Fertiliser treatment was higher
than from the November Urine + High Fertiliser treatment (P < 0.001).
The peak NO−3 -N concentrations on each soil are shown in Table 3.1. The peak
concentration from the Clonakilty and Elton soils was higher than the Rathangan
(P < 0.001), but there was no difference between the Clonakilty and Elton (P >
0.05). The highest peak was from the September Urine treatment on the Elton
soil.
When soils were analysed individually (Table 3.1), fewer contrasts were signif-
icant. On all soils the peak NO−3 -N concentration from the Urine treatments was
higher than from the Control and Fertiliser only treatments (P < 0.001). The
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Figure 3.14: Nitrate concentration vs mm drainage for the Clonakilty soil (well
drained) in 2006 (±1 SEM). Treatments were a Control, Fertiliser at 141 and 291
kg N ha−1 (Fert Low and Fert High), urine applied in November with low and high
fertiliser (Urine FL and Urine FH), November urine with DCD (U FL DCD and U
FH DCD), and urine applied in September with high fertiliser (Sep U FH).
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Figure 3.15: Nitrate concentration vs mm drainage for the Elton soil (medium
drained) in 2006 (±1 SEM). Treatments were a Control, Fertiliser at 141 and 291
kg N ha−1 (Fert Low and Fert High), urine applied in November with low and high
fertiliser (Urine FL and Urine FH), November urine with DCD (U FL DCD and U
FH DCD), and urine applied in September with high fertiliser (Sep U FH).
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Figure 3.16: Nitrate concentration vs mm drainage for the Rathangan soil (poorly
drained) in 2006 (±1 SEM). Treatments were a Control, Fertiliser at 141 and 291
kg N ha−1 (Fert Low and Fert High), urine applied in November with low and high
fertiliser (Urine FL and Urine FH), November urine with DCD (U FL DCD and U
FH DCD), and urine applied in September with high fertiliser (Sep U FH).
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Figure 3.17: Peak and mean NO−3 -N concentration in the leachate in 2006 (±1
SEM). Treatments were a Control, Fertiliser at 141 and 291 kg N ha−1 (Fert Low
and Fert High), urine applied in November with low and high fertiliser (Urine FL
and Urine FH), November urine with DCD (U FL DCD and U FH DCD), and
urine applied in September with high fertiliser (Sep U FH).
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Table 3.1: Peak nitrate-N concentration in the drainage in 2006 (mg NO−3 -N L
−1).
SEM in brackets. Treatments were a Control, Fertiliser at 141 and 291 kg N
ha−1 (Fert 141 and Fert 291), urine applied in November with low and high fertiliser
(U FL and U FH), November urine with DCD (U FL DCD and U FH DCD), and
urine applied in September with high fertiliser (Sep U FH).
Clonakilty Elton Rathangan
Control 1.2 (0.8) 2.4 (1.0) 13.7 (11.5)
Fert 141 2.9 (1.3) 2.9 (2.5) 12.5 (4.6)
Fert 291 7.7 (3.0) 18.4 (8.9) 2.4 (2.0)
U FL 110.2 (51.6) 116.5 (6.2) 53.4 (37.7)
U FH 118.0 (4.6) 126.4 (11.8) 24.5 (7.6)
U FL DCD 57.8 (4.1) 77.4 (19.8) 12.5 (4.8)
U FH DCD 63.7 (20.0) 129.2 (71.7) 20.2 (4.1)
Sep U FH 166.4 (21.6) 283.5 (165.9) 95.8 (16.3)
reduction in NO−3 -N concentration with DCD was however only observed on the
Rathangan (P < 0.05) and Elton (P = 0.0502) soils. The higher concentration
from the September than the November treatment was also only observed on the
Rathangan and Elton (P < 0.05).
The Fertiliser only treatments had a higher peak NO−3 -N concentration than the
Control treatment on the Clonakilty soil (P < 0.05). Peak NO−3 -N concentration
from the High Fertiliser treatment was lower than from the Low Fertiliser treatment
on the Rathangan (P < 0.05).
The mean annual NO−3 -N concentrations averaged across all soils are illustrated
in Figure 3.17. There was no difference in mean N concentration between the
Control and Fertiliser only treatments (P > 0.05). Application of urine increased
mean N concentration (P < 0.001). DCD reduced mean N concentrations from
November applied urine (P < 0.01). The mean concentration from September
Urine was higher than from November Urine + High Fertiliser (P < 0.001), which
in turn was higher than November Urine + Low Fertiliser (P < 0.01).
Table 3.2 contains the mean annual NO−3 -N concentrations on each soil. Mean
concentrations were lower on the Rathangan soil than the Clonakilty and Elton
(P < 0.001), which had no difference in mean concentrations between them (P >
3.3. LEACHATE RESULTS 69
0.05).
The control and fertiliser treatments were all below the EU Maximum Allowable
Concentration (MAC) of 11.3 mg NO−3 -N L
−1 (Table 3.2), with mean concentra-
tions rising above the MAC with the application of urine on all soils (P < 0.001).
Although the concentrations fell below the MAC on the Rathangan soil when DCD
was applied, this reduction was not significant (P> 0.05). The mean concentrations
from the Fertiliser-only treatments were higher than the Control on the Clonakilty
soil (P < 0.001). No other contrasts were significant when the soils were analysed
individually, due to low replication.
Total NO−3 -N loss
The total cumulative NO−3 -N loss for each treatment, averaged across all three
soils, is presented in Figure 3.18. There was no difference between the Control and
Fertiliser only treatments (P > 0.05). There was a significant difference in NO−3 -N
loss between non-urine (Control, Low and High Fertiliser) and all urine treatments
(P < 0.001). There was a reduction in NO−3 -N loss from urine treatments of 21.8%
when DCD was applied (P < 0.001), and a significant difference between the Urine
+ Low Fertiliser and Urine + High Fertiliser treatments (P < 0.05). Nitrogen loss
from September-applied urine was higher (P < 0.001) than from November-applied
urine across all soils.
Figure 3.19 separates the cumulative nitrate loss by soil type. There was no
significant difference between losses from the Clonakilty and Elton soils, but these
two soils had higher NO−3 -N losses than the Rathangan soil (P < 0.01).
When the results from each soil were considered on an individual basis (Figure
3.19), fewer contrasts were significant. A significant difference in NO−3 -N loss be-
tween the non-urine and urine treatments was still observed on each soil type (P <
0.01). However the reduction in nitrate loss with DCD was only significant on the
Rathangan soil (P < 0.01), with DCD reducing N loss by 52.8%, although it was
still apparent on the Clonakilty (13.4% reduction, P = 0.078) and Elton (18.5%
reduction, P = 0.105) soils. The significant difference between the Urine + Low
Fertiliser and Urine + High Fertiliser treatments was observed only on the Clon-
akilty soil (P < 0.05), and the the difference between September and November
urine was only significant on the Clonakilty and Rathangan soils (P < 0.05).
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Figure 3.18: Cumulative nitrate leaching 2006 treatments all soils (Error bars =
±1 SEM). Treatments were a Control, Fertiliser at 141 and 291 kg N ha−1 (Fert
Low and Fert High), urine applied in November with low and high fertiliser (Urine
FL and Urine FH), November urine with DCD (U FL DCD and U FH DCD), and
urine applied in September with high fertiliser (Sep U FH).
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Figure 3.19: Cumulative nitrate leaching 2006 treatments (Error bars = ±1 SEM).
Treatments were a Control, Fertiliser at 141 and 291 kg N ha−1 (Fert Low and Fert
High), urine applied in November with low and high fertiliser (Urine FL and Urine
FH), November urine with DCD (U FL DCD and U FH DCD), and urine applied
in September with high fertiliser (Sep U FH).
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Table 3.2: Mean nitrate-N concentration in the leachate in 2006 (mg NO−3 -N L
−1).
SEM in brackets. Treatments were a Control, Fertiliser at 141 and 291 kg N
ha−1 (Fert 141 and Fert 291), urine applied in November with low and high fertiliser
(U FL and U FH), November urine with DCD (U FL DCD and U FH DCD), and
urine applied in September with high fertiliser (Sep U FH).
Clonakilty Elton Rathangan
Control 0.27 (0.15) 1.09 (0.92) 0.80 (0.35)
Fert 141 1.01 (0.08) 0.55 (0.35) 0.77 (0.38)
Fert 291 2.67 (0.93) 5.00 (2.93) 0.90 (0.78)
U FL 32.93 (12.10) 33.97 (2.88) 17.74 (11.09)
U FH 42.36 (1.85) 34.21 (4.31) 13.97 (3.43)
U FL DCD 27.27 (0.32) 25.41 (4.05) 6.26 (2.57)
U FH DCD 32.43 (2.31) 28.49 (11.74) 8.80 (2.32)
Sep U FH 39.45 (1.49) 46.54 (12.99) 33.92 (2.58)
3.3.2 November 2007 to October 2008
NO−3 -N concentration
The concentration of NO−3 -N versus mm drainage for each soil is shown in Figures
3.20, 3.21 and 3.22. Peak NO−3 -N concentrations were recorded at 250-300 mm of
drainage. Concentrations had returned to background levels by around 500mm of
drainage. The mean total drainage from the Clonakilty, Elton and Rathangan soils
was 677, 622 and 374 mm respectively.
The peak nitrate concentrations from each treatment, averaged across all soils,
are illustrated in Figure 3.23. Application of fertiliser caused no change in peak
N concentration (P > 0.05). Peak concentrations from the Urine treatments were
higher than from the Control or Fertiliser only treatments (P < 0.001). The ap-
plication of DCD reduced the mean peak N concentration from November urine
treatments from 109.2 to 48.9 mg NO−3 -N L
−1 (P < 0.001). The peak NO−3 -N con-
centration from the 1000 kg N ha−1 Urine + High Fertiliser treatment was higher
than from the November Urine + High Fertiliser treatment, which was higher than
the Urine + Low Fertiliser treatment (P < 0.001).
The peak NO−3 -N concentrations on each soil are shown in Table 3.3. The peak
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Figure 3.20: Nitrate concentration vs mm drainage 2007 for the Clonakilty soil
(±1 SEM). Treatments were a Control, Fertiliser at 141 and 291 kg N ha−1 (Fert
Low and Fert High), urine applied in November with low and high fertiliser (Urine
FL and Urine FH), November urine with DCD (U FL DCD and U FH DCD), and
November urine applied at 1000 kg N ha−1 with high fertiliser (U1000 FH).
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Figure 3.21: Nitrate concentration vs mm drainage 2007 for the Elton soil (±1
SEM). Treatments were a Control, Fertiliser at 141 and 291 kg N ha−1 (Fert Low
and Fert High), urine applied in November with low and high fertiliser (Urine FL
and Urine FH), November urine with DCD (U FL DCD and U FH DCD), and
November urine applied at 1000 kg N ha−1 with high fertiliser (U1000 FH).
3.3. LEACHATE RESULTS 75
0
20
40
60
Low fertiliser
l l l ll llll
l
Control
Fert Low
Urine FL
U FL DCD
0 100 200 300 400 500 600
0
20
40
60
High fertiliser
Control
Fert High
Urine FH
U FH DCD
U1000 FH
         mm drainage
N
itr
at
e 
co
nc
en
tra
tio
n 
in
 d
ra
in
ag
e 
(m
g N
O 3−−
 
−
N
 L
−−
1 )
Figure 3.22: Nitrate concentration vs mm drainage 2007 for the Rathangan soil
(±1 SEM). Treatments were a Control, Fertiliser at 141 and 291 kg N ha−1 (Fert
Low and Fert High), urine applied in November with low and high fertiliser (Urine
FL and Urine FH), November urine with DCD (U FL DCD and U FH DCD), and
November urine applied at 1000 kg N ha−1 with high fertiliser (U1000 FH).
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Figure 3.23: Peak and Mean NO−3 -N concentration 2007 (±1 SEM). Treatments
were a Control, Fertiliser at 141 and 291 kg N ha−1 (Fert Low and Fert High),
urine applied in November with low and high fertiliser (Urine FL and Urine FH),
November urine with DCD (U FL DCD and U FH DCD), and November urine
applied at 1000 kg N ha−1 with high fertiliser (U1000 FH).
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concentration from the Clonakilty and Elton soils was higher than the Rathangan
(P < 0.001), but there was no difference between the Clonakilty and Elton (P >
0.05). The highest peak was from the 1000 kg N ha−1 Urine treatment on the
Elton soil.
When soils were analysed individually (Table 3.3), the peak concentration from
urine treatments was higher than from the Control and Fertiliser only treatments on
all soils (P < 0.001). However no other contrast was significant on the Rathangan.
On the Clonakilty and Elton soils, peak N concentration reduced with the appli-
cation of DCD (P < 0.001). Peak N concentration from the 1000 kg N ha−1 Urine
treatment was higher than from the Urine + High Fertiliser treatment on both soils
(Clonakilty, P < 0.001; Elton, P < 0.05). Urine + High Fertiliser had a higher
peak concentration than with Urine + Low Fertiliser on the Clonakilty soil (P <
0.001), and a lower concentration on the Elton (P < 0.01).
The mean annual NO−3 -N concentrations averaged across all soils are illustrated
in Figure 3.23. Mean concentrations were higher from the Urine treatments than
from the Control and Fertiliser only treatments (P < 0.001). The increase in mean
concentration with 1000 kg Urine N ha−1 was nearly significant (P = 0.05428). No
other contrasts were significant when the results were averaged across all soils.
Table 3.4 contains the mean annual NO−3 -N concentrations on each soil. Mean
concentrations were lower on the Rathangan soil than the Clonakilty and Elton (P
< 0.01), which had no difference in mean concentrations between them (P > 0.05).
The control and fertiliser treatments were all below the EU Maximum Allowable
Concentration (MAC) of 11.3 mg NO−3 -N L
−1 (Table 3.4), with mean concentra-
tions rising with the application of urine on each soil (P < 0.001) to above the MAC
in every case except on the Rathangan with High Fertiliser. Although the concen-
trations fell below the MAC on the Rathangan soil when DCD was applied, this
reduction was not significant (P > 0.05), and no other contrasts were significant
on the Clonakilty or Rathangan soils when analysed individually.
On the Elton soil, mean NO−3 -N concentrations were reduced with the appli-
cation of DCD (P < 0.001). The Urine + High Fertiliser treatment had a lower
mean NO−3 -N concentration than the Urine + Low Fertiliser treatment (P < 0.001),
however when DCD was applied there was a higher concentration with High fer-
tiliser than with Low (P < 0.05). The mean annual NO−3 -N concentration from
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Table 3.3: Peak nitrate concentration 2007 (mg NO−3 -N L
−1). SEM in brackets.
Treatments were a Control, Fertiliser at 141 and 291 kg N ha−1 (Fert 141 and Fert
291), urine applied in November with low and high fertiliser (U FL and U FH),
November urine with DCD (U FL DCD and U FH DCD), and November urine
applied at 1000 kg N ha−1 with high fertiliser (U 1000 FH).
Clonakilty Elton Rathangan
Control 1.44 (1.42) 6.05 (6.04) 0.67 (0.57)
Fert 141 1.85 (1.62) 0.58 (0.57) 1.01 (0.91)
Fert 291 2.81 (2.32) 2.87 (2.61) 1.72 (0.91)
U FL 92.81 (43.64) 148.61 (18.76) 59.94 (49.38)
U FH 144.24 (2.90) 142.60 (2.15) 17.06 (10.06)
U FL DCD 56.99 (2.73) 60.96 (9.56) 3.47 (2.08)
U FH DCD 62.52 (6.34) 78.10 (28.11) 3.62 (1.57)
U 1000 FH 306.17 (30.88) 312.22 (60.14) 75.68 (52.02)
Table 3.4: Mean nitrate concentration 2007 (mg NO−3 -N L
−1). SEM in brackets.
Treatments were a Control, Fertiliser at 141 and 291 kg N ha−1 (Fert 141 and Fert
291), urine applied in November with low and high fertiliser (U FL and U FH),
November urine with DCD (U FL DCD and U FH DCD), and November urine
applied at 1000 kg N ha−1 with high fertiliser (U 1000 FH).
Clonakilty Elton Rathangan
Control 0.18 (0.21) 1.66 (1.43) 0.18 (0.13)
Fert 141 0.56 (0.59) 0.08 (0.10) 0.09 (0.05)
Fert 291 0.50 (0.39) 0.44 (0.28) 0.16 (0.11)
U FL 13.22 (8.11) 28.13 (1.52) 14.02 (10.33)
U FH 28.09 (1.02) 27.01 (3.83) 5.39 (0.91)
U FL DCD 12.36 (2.32) 12.88 (0.82) 1.72 (1.04)
U FH DCD 13.00 (1.78) 17.00 (1.98) 1.92 (0.69)
U1000 FH 66.64 (6.11) 61.52 (3.38) 32.46 (15.24)
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the 1000 kg Urine N ha−1 treatment was greater than from the standard Urine +
High Fertiliser treatment (P < 0.001).
Total NO−3 -N loss
The total cumulative NO−3 -N loss, averaged across all three soils, is presented in
Figure 3.24. There was no significant difference between the Control and Fertiliser
only treatments (P > 0.05). Nitrate-N loss increased from that in the non-urine
treatments (Control, Low and High Fertiliser) when urine was applied (P < 0.001).
There was a reduction in NO−3 -N loss from the standard urine treatments by 45.3%
when DCD was applied (P < 0.001). There was a significant difference between
the Urine + Low Fertiliser and Urine + High Fertiliser treatments (P < 0.001).
Nitrogen loss from urine applied at 1000 kg N ha−1 was higher than from the
standard Urine + High Fertiliser treatment (P < 0.001).
Figure 3.25 separates the cumulative nitrate loss by soil type. There was no
difference between losses from the Clonakilty and Elton soils, but these two soils
had higher NO−3 -N losses than the Rathangan soil (P < 0.001).
When the results from each soil were considered individually (Figure 3.25),
most of the significant differences remained. Urine application increased NO−3 -N
loss from each soil (P < 0.001). DCD reduced NO−3 -N loss from the standard urine
treatments on the Clonakilty and Elton soils (P < 0.001) by 41.5% and 38.0%
respectfully. The 1000 kg N ha−1 urine treatment had greater losses than the
standard urine treatment on the Clonakilty and Elton soils (P < 0.001). Nitrate-
N loss differed between the Urine + Low Fertiliser and Urine + High Fertiliser
treatments on the Clonakilty and Elton soils (Clonakilty, P < 0.001; Elton, P <
0.01), but in different directions, with the greatest loss coming from High fertiliser
on the Clonakilty and Low fertiliser on the Elton.
3.3.3 Explanatory data
Nitrate / Chloride ratio
Nitrate-N losses were consistently lower on the heavy Rathangan soil than on the
lighter soils in both years. This was evident in the total NO−3 -N loss (Figures
3.19 & 3.25), and the mean (Tables 3.2 & 3.4) and peak (Tables 3.1 & 3.3) NO−3 -
N concentrations. The NO−3 -N / Cl
− ratio in the drainage water was used to
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Figure 3.24: Cumulative nitrate leaching 2007 treatments all soils (Error bars =
±1 SEM). Treatments were a Control, Fertiliser at 141 and 291 kg N ha−1 (Fert
Low and Fert High), urine applied in November with low and high fertiliser (Urine
FL and Urine FH), November urine with DCD (U FL DCD and U FH DCD), and
November urine applied at 1000 kg N ha−1 with high fertiliser (Urine 1000 FH).
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Figure 3.25: Cumulative nitrate leaching 2007 treatments (Error bars = ±1 SEM).
Treatments were a Control, Fertiliser at 141 and 291 kg N ha−1 (Fert Low and Fert
High), urine applied in November with low and high fertiliser (Urine FL and Urine
FH), November urine with DCD (U FL DCD and U FH DCD), and November
urine applied at 1000 kg N ha−1 with high fertiliser (Urine 1000 FH).
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determine whether this difference was due to denitrification. When denitrification
occurs N will be lost before leaching, but no Cl− is lost due to denitrification. This
will result in a lower ratio of NO−3 -N to Cl
− in drainage water when denitrification
is occurring (Pratt et al., 1978).
Figure 3.26 presents the overall annual NO−3 -N to Cl
− ratios in leachate from
both years. There was no difference between the Clonakilty and Elton soils in
either year, but the Rathangan soil differed from these in both years.
The mean NO−3 -N / Cl
− ratio in 2006 was 0.504 and 0.615 for the Clonakilty
and Elton soils respectfully, but only 0.223 for the Rathangan (P < 0.001). In
2007, the mean ratio was 0.730 and 0.814 for the Clonakilty and Elton, but only
0.196 for the Rathangan (P < 0.001). The lower amount of NO−3 -N relative to Cl
−
in the leachate from the Rathangan soil indicates that more N may have been lost
through denitrification in this soil than in the lighter soils.
In the 2006 data only there was also a reduction in the NO−3 -N / Cl
− ratio with
the application of DCD (P < 0.01).
Other significant contrasts in both 2006 and 2007 were an increase in the NO−3 -
N / Cl− ratio with the application of urine (P < 0.001), and a higher NO−3 -N / Cl
−
ratio from the High Fertiliser treatment than the Low (P < 0.01). In 2006 only,
the NO−3 -N / Cl
− ratio increased from that in the control with the application
of fertiliser (P < 0.05), there was a higher NO−3 -N / Cl
− ratio from the Urine +
High Fertiliser treatment than the Low (P < 0.01), and a higher ratio from the
September urine treatment than the November (P < 0.001).
Chloride loss over time
The 2006 September urine treatment peaked after less drainage than the Novem-
ber treatments. The Chlorine breakthrough curve is shown in Figure 3.27, and the
Cl− concentration peaks earlier in the September treatment than the November
urine treatments, in a similar pattern to the NO−3 -N concentration (Figures 3.14
and 3.15). This confirms the early peak and suggests it is due to physical factors.
However the magnitude of the September treatment Cl− peak is similar to that of
the November treatments, while the September N peak is higher than the Novem-
ber peaks. This suggests that the magnitude of the September N peak is due to
microbial rather than physical factors.
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Figure 3.26: Annual NO−3 -N / Cl
− ratios (Error bars = ±1 SEM). Treatments
were a Control, Fertiliser at 141 and 291 kg N ha−1 (Fert Low and Fert High),
urine applied in November with low and high fertiliser (Urine FL and Urine FH),
November urine with DCD (U FL DCD and U FH DCD), and urine applied in
September with high fertiliser (Sep U FH) in 2006 or November urine applied at
1000 kg N ha−1 with high fertiliser (U1000 FH) in 2007.
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Figure 3.27: Chloride concentration vs mm drainage 2006 for the (a) Clonakilty,
(b) Elton and (c) Rathangan soils. Treatments were a Control, Fertiliser at 141
and 291 kg N ha−1 (Fert Low and Fert High), urine applied in November with low
and high fertiliser (Urine FL and Urine FH), November urine with DCD (U FL
DCD and U FH DCD), and urine applied in September with high fertiliser (Sep U
FH).
3.3. LEACHATE RESULTS 85
Climate data
The total rainfall in the 12 months following the September 2006, November 2006
and November 2007 treatments was 1118.3, 1406.8 and 1233.4 mm respectfully.
In graphing N loss against climate data over time (Figures 3.28 and 3.29) total N
loss is used rather than the concentration to take into account both concentration
and drainage volume, both of which have been presented in previous charts of
concentration over drainage (Figures 3.14, 3.15, 3.16, 3.20, 3.21, 3.22, and 3.27).
Figure 3.28 shows the N loss in each collection over time for the 2006 urine
treatments. The early peak in the September urine treatment appears to have
been caused by a warm, dry period which would have caused high mineralisation
and nitrification rates, and produced nitrate that was leached by a period of heavy
rainfall.
Figure 3.29 shows the N loss in each collection over time for the 2007 urine
treatments. After urine application, both soil temperature and rainfall remained
low for several months. Nitrate-N loss occurred slowly, with the bulk of the NO−3 -N
loss occurring over approximately 7 months following most treatments.
The 1000 kg Urine-N ha−1 treatment was an exception, with losses remaining
high well into summer. There was a heavy rainfall event (54.4 mm) on the 21stst of
June 2008, after which point rainfall increased, however this increased rainfall only
resulted in greater losses from the Urine 1000 treatment, presumably because it was
the only treatment with much NO−3 -N remaining in the soil to be lost. The highest
N loss from one collection was recorded on the 10th of July for this treatment, in
the middle of summer.
3.3.4 Previous data
The total mineral N losses from this lysimeter trial in 2005 are described in Figure
1 of Stark et al. (2007), reproduced here as Figure 3.30. These results are used to
obtain the losses from spring and summer applied urine (applied in April and July),
in order to calculate seasonal N losses. Leaching losses from spring and summer
applied urine were considerably lower than from autumn urine.
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Figure 3.28: 2006 N loss over time on the (a) Clonakilty, (b) Elton and (c) Rathan-
gan soils, with daily rainfall (mm) (blue vertical spikes) and 10cm soil temperature
(◦C) (red line). Treatments were urine applied in November with 141 and 291 kg
fertiliser-N ha−1 (Urine FL and Urine FH), November urine with DCD (U FL DCD
and U FH DCD), and urine applied in September with high fertiliser (Sep U FH).
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Figure 3.29: 2007 N loss over time on the (a) Clonakilty, (b) Elton and (c) Rathan-
gan soils, with daily rainfall (mm) (blue vertical spikes) and 10cm soil temperature
(◦C) (red line). Treatments were urine applied in November with 141 and 291
kg fertiliser-N ha−1 (Urine FL and Urine FH), November urine with DCD (U FL
DCD and U FH DCD), and November urine applied at 1000 kg N ha−1 with high
fertiliser (Urine 1000 FH).
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Figure 3.30: Cumulative total N leaching 2005 (kg Total N ha−1). Error bars =
±1 SEM (Stark et al., 2007).
3.3.5 Seasonal losses
Assuming spring to be March - May, summer to be June - August, and autumn
to be September - December, the NO−3 -N loss from urine patches applied in each
of these seasons can be identified. The autumn leaching loss was calculated using
only the November urine treatments from 2006 and 2007, to ensure these can be
directly compared with the loss when DCD is used.
The April and July treatments from Stark et al. (2007) have been used to rep-
resent spring and summer leaching respectfully (Figure 3.30). The majority of the
Total Mineral N loss reported in that paper consisted of nitrate (Karl Richards,
pers. comm. 2008). Unpublished concentration data from the April and July
treatments of Stark et al. (2007), provided by Karl Richards (personal communi-
cation, 2008), were used to obtain the spring and summer peak and mean NO−3 -N
concentrations.
The Fertiliser, Autumn urine and Autumn urine + DCD treatments can there-
fore be directly compared statistically. These treatments cannot however be di-
rectly compared with the losses from Spring and Summer urine, as these were
recorded in a different year.
It is assumed that despite slight variations in the method of urine application,
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all lysimeter urine treatments in every year are equivalent to each other (except
when urine was applied at 1000 kg N ha−1, that treatment being ignored for the
purpose of this analysis).
Table 3.5 shows the mean annual nitrate loss from urine patches applied in each
season. The highest losses were observed from autumn urine, followed by summer
and spring on all soils, however the autumn losses cannot be directly compared
statistically to the spring and summer losses.
On the Fertiliser, Autumn and Autumn plus DCD treatments, higher losses
were recorded from the Clonakilty and Elton soils than the Rathangan (P < 0.001),
but there was no difference between the losses from the Clonakilty and Elton soils
(P > 0.05). When the losses from all three soils were averaged, more N was lost
from autumn urine than from fertiliser alone, and DCD reduced the N loss from
autumn urine (P< 0.001). These effects were also visible on each soil when analysed
individually (P < 0.05).
The mean NO−3 -N concentration from all years is shown in Table 3.6. The mean
NO−3 -N concentration was well below the EU Maximum Allowable Concentration
(MAC) of 11.3 mg NO−3 -N L
−1 in the fertiliser only treatment, and following the
application of urine in either spring and summer. The mean concentration rose
above the MAC when autumn urine is applied, but DCD brought it below the
MAC on the Rathangan.
On the Fertiliser, Autumn and Autumn plus DCD treatments, higher drainage
NO−3 -N concentrations were recorded from the Clonakilty and Elton soils than
the Rathangan (P < 0.001), but there was no difference in NO−3 -N concentration
between the losses from the Clonakilty and Elton soils (P > 0.05). When the losses
Table 3.5: Mean annual N leaching loss from urine patches applied in different
seasons (kg NO−3 -N ha
−1). SEM values are in brackets where available.
Clonakilty Elton Rathangan
Fertiliser only 8.3 (2.9) 9.3 (5.2) 2.4 (1.6)
Spring 27.2 19.6 9.1
Summer 63.5 34.8 36.3
Autumn 177.7 (26.1) 200.2 (5.1) 62.2 (20.8)
Autumn plus DCD 131.8 (19.2) 144.6 (18.7) 21.3 (6.7)
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Table 3.6: Mean N concentration from urine patches applied in different seasons
(mg NO−3 -N L
−1). SEM values are in brackets.
Clonakilty Elton Rathangan
Fertiliser only 1.18 (0.37) 1.65 (0.96) 0.48 (0.30)
Spring 4.90 (2.05) 2.69 (2.18) 2.09 (0.39)
Summer 10.73 (3.20) 9.01 (1.20) 6.27 (1.30)
Autumn 28.55 (4.64) 31.28 (2.28) 12.64 (3.23)
Autumn plus DCD 21.21 (3.97) 20.08 (4.26) 5.02 (1.47)
from all three soils were averaged, higher concentrations were recorded following
autumn urine application than from fertiliser alone, and DCD reduced the NO−3 -N
concentrations following autumn urine (P < 0.001). These effects were also visible
on each soil when analysed individually (P < 0.05).
The mean peak NO−3 -N concentration from urine patches applied in each season
is shown in Table 3.7. The peak N concentration was below the MAC in the fertiliser
only treatments and when urine was applied in spring, but rose above it when urine
was applied in summer or autumn. The highest NO−3 -N concentrations occured
after the application of urine in autumn. Peak losses from autumn urine were
reduced when DCD is applied.
On the Fertiliser, Autumn urine and Autumn urine plus DCD treatments,
higher peak drainage NO−3 -N concentrations were recorded from the Clonakilty
and Elton soils than from the Rathangan (P < 0.001). There was no difference
in peak NO−3 -N concentration between the Clonakilty and Elton soils (P < 0.05).
Table 3.7: Peak N concentration from urine patches applied in different seasons
(mg NO−3 -N L
−1). SEM values are in brackets.
Clonakilty Elton Rathangan
Fertiliser only 4.25 (1.28) 7.40 (3.22) 4.64 (1.96)
Spring 10.59 (7.03) 11.30 (3.98) 5.31 (3.04)
Summer 41.76 (14.30) 36.69 (15.61) 13.91 (5.56)
Autumn 127.69 (16.26) 142.63 (6.14) 45.57 (14.79)
Autumn plus DCD 69.61 (6.04) 93.88 (16.39) 11.91 (3.01)
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Higher peak concentrations were recorded following autumn urine application than
from fertiliser alone, and DCD reduced the peak NO−3 -N concentrations follow-
ing autumn urine whether all three soils were averaged (P < 0.001) or analysed
individually (P < 0.05).
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3.4 Nitrous oxide results
These results have been previously described in Dennis et al. (2008a,b).
The emission of nitrous oxide over time following the application of urine in
November is shown in Figures 3.31, 3.32 and 3.33. Emissions from the Clonakilty
and Elton soils (Figures 3.31 and 3.32) are shown on the same scale for ease of com-
parison, while the scale on the Rathangan chart is necessarily larger (Figure 3.33).
Peak nitrous oxide emission was recorded nine days after treatment application on
all soils.
The highest peak of nitrous oxide emission from the Clonakilty soil (347 g N2O-
N ha−1 per day) was recorded from the Urine + High Fertiliser treatment. This
peak was reduced to 317 g N2O-N ha−1 per day with the application of DCD. Peak
loss from the Urine + Low Fertiliser treatment was 260 g N2O-N ha−1 per day,
which was reduced to 161 g N2O-N ha−1 per day with DCD. Nitrous oxide emission
from the Control and High Fertiliser treatments was negligible (Figure 3.31).
The highest peak of nitrous oxide emission from the Elton soil (245 g N2O-N
ha−1 per day) was recorded from the Urine + Low Fertiliser treatment. This peak
was reduced to 111 g N2O-N ha−1 per day with the application of DCD. Peak loss
from the Urine + High Fertiliser treatment was 92 g N2O-N ha−1 per day, which
was reduced to 51 g N2O-N ha−1 per day with DCD. Nitrous oxide emission from
the Control and High Fertiliser treatments was negligible (Figure 3.32).
The highest peak of nitrous oxide emission from the Rathangan soil (1883 g
N2O-N ha−1 per day) was recorded from the Urine + Low Fertiliser treatment.
This peak was reduced to 1031 g N2O-N ha−1 per day with the application of
DCD. Peak loss from the Urine + High Fertiliser treatment was 1587 g N2O-N
ha−1 per day, which was reduced to 517 g N2O-N ha−1 per day and delayed for
five days with DCD. Nitrous oxide emission from the Control and High Fertiliser
treatments was negligible (Figure 3.33).
A second peak in emissions was recorded from the Rathangan soil on the 2nd
of January. The peak emissions for each treatment were as follows: Urine + High
Fertiliser, 1122 g N2O-N ha−1 per day; Urine + High Fertiliser + DCD, 473 g
N2O-N ha−1 per day; Urine + Low Fertiliser, 554 g N2O-N ha−1 per day; Urine +
Low Fertiliser + DCD, 216 g N2O-N ha−1 per day (Figure 3.33).
Total cumulative nitrous oxide emission for all soils is shown in Figure 3.34.
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Figure 3.31: Clonakilty nitrous oxide emission over time. Treatments were a Con-
trol, Fertiliser at 291 kg N ha−1 (Fert High), urine with 141 and 291 kg fertiliser-N
ha−1 (Urine FL and Urine FH), and urine with DCD (U FL DCD and U FH DCD)
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Figure 3.32: Elton nitrous oxide emission over time. Treatments were a Control,
Fertiliser at 291 kg N ha−1 (Fert High), urine with 141 and 291 kg fertiliser-N
ha−1 (Urine FL and Urine FH), and urine with DCD (U FL DCD and U FH
DCD)
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Figure 3.33: Rathangan nitrous oxide emission over time. Treatments were a
Control, Fertiliser at 291 kg N ha−1 (Fert High), urine with 141 and 291 kg fertiliser-
N ha−1 (Urine FL and Urine FH), and urine with DCD (U FL DCD and U FH
DCD)
Overall nitrous oxide emissions from the light Clonakilty and Elton soils were lower
than from the Rathangan soil (P < 0.0001). Emission from urine treatments was
higher than from control or fertiliser alone on all soils (P < 0.0001). There was a
45 - 51% reduction in nitrous oxide emission on urine treated Rathangan soil with
DCD (P < 0.05). There was no effect of DCD on the lighter soils, and no effect of
fertiliser on any soil.
The emission factor from urine N was calculated as:
EF =
Nu −Nc
U
Where EF is the emissions factor, U is the urine N application rate (kg N ha−1),
Nu is the total N loss from the urine treatment and Nc is the total N loss from the
control (kg N ha−1), which was taken to be the High Fertiliser treatment for Urine
+ High Fertiliser, and the mean of the High Fertiliser treatment and the Control
for the Urine + Low Fertiliser treatment.
Table 3.8 shows the nitrous oxide emissions factors from urine for each soil with
and without DCD. The emissions factors from the Clonakilty and Elton soils are in
most cases less than half the IPCC default value of 2% (IPCC, 2006). The emission
factors from the Rathangan soil are well above the IPCC value, but are halved with
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Figure 3.34: Cumulative nitrous oxide emission Nov 06 to Mar 07. Treatments
were a Control, Fertiliser at 291 kg N ha−1 (Fert High), urine applied in November
with 141 and 291 kg fertiliser-N ha−1 (Urine FL and Urine FH), and November
urine with DCD (U FL DCD and U FH DCD)
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the application of DCD (P < 0.05).
Table 3.8: Nitrous oxide emissions factors from urine (% applied urine-N). The
percentage reduction with DCD is shown in brackets where this was significant
(the Rathangan soil only).
Clonakilty Elton Rathangan
Urine FL 0.77 0.51 7.11
Urine FH 1.13 0.39 8.97
Urine FL DCD 0.57 0.61 3.93 (44.8%)
Urine FH DCD 0.89 0.12 4.39 (51.0%)
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3.5 Herbage Results
3.5.1 November 2006 to October 2007
The total dry matter production from all three soils is shown in Figure 3.35. Total
dry matter production ranged from 2.25 tonnes ha−1 (Rathangan, Control) to
10.86 tonnes ha−1 (Elton, Urine + High Fertiliser). Total production from the
Rathangan soil was lower than from the lighter soils (P < 0.001), and production
from the Elton soil was higher than from the Clonakilty soil (P < 0.01).
Dry matter production from urine treatments was higher than from control or
fertiliser alone (P< 0.001). Production increased from the control with the addition
of fertiliser (P < 0.001), and the high fertiliser treatment produced more herbage
than the low treatment whether no urine, urine, or urine and DCD were applied (P
< 0.001). Dry matter production was marginally higher on the September urine
treatment than the November treatment (P < 0.001). There was no effect of DCD
on dry matter production (P > 0.05)
Similar results were apparent for each soil when considered separately. On
all three soils, production from urine treatments was higher than from non-urine
treatments, and the fertiliser treatments produced more dry matter than the control
(P < 0.001). The high fertiliser rate produced more dry matter than the low when
urine was applied to all soils (Clonakilty & Elton P < 0.001; Rathangan P < 0.01),
when urine and DCD were applied on the Clonakilty and Elton (P < 0.01), and
with no urine on the Elton (P < 0.05). The September treatment produced more
dry matter than the November treatment on all soils (P < 0.05).
DCD had no effect on production on the Clonakilty and Elton soils (P < 0.01),
but there was a reduction in dry matter with DCD on the Rathangan soil (P <
0.05).
The herbage N percent over time is illustrated in Figures 3.36, 3.37 and 3.38.
The treatment dates are shown on the figures, note that the November treatments
occurred after the last autumn harvest, and lysimeters were not harvested again
until the following spring. Herbage N content was higher on the Clonakilty and
Elton soils than on the Rathangan (P < 0.01).
The effects of DCD were most pronounced in the first two harvests following
treatment application (Figures 3.36, 3.37 and 3.38). When the first two harvests
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Figure 3.35: Total DM production 2006 treatments, error bars ±1 SEM. Treat-
ments were a Control, Fertiliser at 141 and 291 kg N ha−1 (Fert Low and Fert
High), urine applied in November with low and high fertiliser (Urine FL and Urine
FH), November urine with DCD (U FL DCD and U FH DCD), and urine applied
in September with high fertiliser (Sep U FH).
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Figure 3.36: Herbage percent N over time, Clonakilty soil 2006. Treatments were a
Control, Fertiliser at 141 and 291 kg N ha−1 (Fert Low and Fert High), urine applied
in November with low and high fertiliser (Urine FL and Urine FH), November urine
with DCD (U FL DCD and U FH DCD), and urine applied in September with high
fertiliser (Sep U FH).
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Figure 3.37: Herbage percent N over time, Elton soil 2006. Treatments were a
Control, Fertiliser at 141 and 291 kg N ha−1 (Fert Low and Fert High), urine applied
in November with low and high fertiliser (Urine FL and Urine FH), November urine
with DCD (U FL DCD and U FH DCD), and urine applied in September with high
fertiliser (Sep U FH).
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Figure 3.38: Herbage percent N over time, Rathangan soil 2006. Treatments were a
Control, Fertiliser at 141 and 291 kg N ha−1 (Fert Low and Fert High), urine applied
in November with low and high fertiliser (Urine FL and Urine FH), November urine
with DCD (U FL DCD and U FH DCD), and urine applied in September with high
fertiliser (Sep U FH).
102 CHAPTER 3. LYSIMETER TRIAL
are considered in isolation, the pasture N content in the urine treatments was
higher than in the non-urine treatments (P < 0.001) across all soils. N content
was higher in the fertiliser treatments than the control, with the high fertiliser
treatment having a higher N content than the low (P < 0.001). There was an
overall increase in herbage N when DCD was applied (P < 0.05), and higher N
contents when a high fertiliser rate was used rather than a low rate with urine (P
< 0.001).
If the two fertiliser rates are considered separately, there was an increase in
herbage N content in the first two harvests with DCD on the low fertiliser treat-
ments (P < 0.001), but not at the high fertiliser rate (P > 0.05).
When the three soils are considered separately, this increase in herbage N con-
tent with DCD in the first two harvests at the low fertiliser rate occurred on all
three soils (Clonakilty & Elton P < 0.01; Rathangan P < 0.05). There was no
significant increase in herbage N content at the high fertiliser rate on any soil.
The mean herbage N percentages for the 12 months following treatment applica-
tion are shown in Table 3.9. Across all soils there was an increase in mean herbage
N with the application of urine (P < 0.01), an increase from the control with the
application of fertiliser, and a higher N content on the High fertiliser treatment
than the Low both with and without the application of urine (P < 0.001). The
September urine treatment had a higher mean N content than the November (P <
0.01).
Across all soils and fertiliser levels, there was an overall increase in mean herbage
N with the application of DCD (P < 0.05). When the fertiliser levels are considered
separately, this increase with DCD was visible at the Low fertiliser level (P < 0.001)
but not the High (P > 0.05).
When the soils are analysed individually (Table 3.9), the increase in mean
herbage N with DCD at the low fertiliser level was only significant on the Clonakilty
and Elton soils (P < 0.01).
The total N uptake in pasture from all three soils is shown in Figure 3.39. Total
N ranged from 60 kg ha−1 (Control, Rathangan) to 332 kg ha−1 (SepUFH, Elton),
and generally followed a similar pattern to DM production (Figure 3.35). Total
N uptake was lowest from the Rathangan soil, and highest from the Elton (P <
0.001).
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Figure 3.39: Total N in herbage 2006 treatments, error bars ±1 SEM. Treatments
were a Control, Fertiliser at 141 and 291 kg N ha−1 (Fert Low and Fert High),
urine applied in November with low and high fertiliser (Urine FL and Urine FH),
November urine with DCD (U FL DCD and U FH DCD), and urine applied in
September with high fertiliser (Sep U FH).
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Table 3.9: Mean herbage N percent 2006 (SEM in brackets). Treatments were a
Control, Fertiliser at 141 and 291 kg N ha−1 (Fert Low and Fert High), urine applied
in November with low and high fertiliser (Urine FL and Urine FH), November urine
with DCD (U FL DCD and U FH DCD), and urine applied in September with high
fertiliser (Sep U FH).
Clonakilty Elton Rathangan
Control 3.03 (.09) 2.84 (.04) 2.88 (.16)
Fert 141 3.29 (.10) 3.16 (.11) 3.08 (.06)
Fert 291 3.44 (.07) 3.70 (.05) 3.64 (.01)
Urine FL 3.05 (.05) 3.03 (.02) 3.14 (.01)
Urine FH 3.30 (.01) 3.25 (.04) 3.48 (.06)
U FL DCD 3.47 (.18) 3.32 (.05) 3.25 (.03)
U FH DCD 3.28 (.03) 3.34 (.06) 3.61 (.08)
Sep U FH 3.34 (.09) 3.51 (.04) 3.50 (.11)
Nitrogen uptake was lowest in the control, and increased with the application
of fertiliser, with higher N uptake at the high fertiliser rate (P < 0.001). Nitrogen
uptake with urine was higher than from the control and fertiliser only treatments,
and was again higher at the high fertiliser rate whether with or without DCD (P
< 0.001). Total N uptake was higher from September urine than from November
urine (P < 0.001), but DCD had no overall effect on N uptake (P > 0.05).
However when the Low and High fertiliser levels were considered separately,
there was an increase in total N uptake with the application of DCD at the Low
fertiliser level, and a slight reduction in total N uptake with DCD at the High
fertiliser level (P < 0.001).
When each soil was considered separately, the increase in N uptake at the Low
fertiliser rate with DCD was only observed on the Clonakilty soil (P < 0.05).
The reduction in N uptake at the High fertiliser rate was only observed on the
Rathangan (P < 0.05).
3.5.2 November 2007 to October 2008
The total dry matter production from all three soils is shown in Figure 3.40. Total
dry matter production ranged from 2.46 tonnes ha−1 (Rathangan, Control) to 13.90
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tonnes ha−1 (Elton, 1000 kg urine-N ha−1 + High Fertiliser). Total production
from the Rathangan soil was lower than from the lighter soils (P < 0.001), and
production from the Elton soil was higher than from the Clonakilty soil (P < 0.05).
Dry matter production from urine treatments was higher than from the control
or fertiliser alone (P < 0.001). Production increased from the control with the
addition of fertiliser (P < 0.001), and the high fertiliser treatment produced more
herbage than the low treatment whether no urine (P < 0.05), urine (P < 0.001),
or urine and DCD (P < 0.05) were applied. Higher dry matter production was
observed from the 1000 kg urine-N ha−1 treatment than the standard urine rate
(P < 0.001).
There was a 1.3% increase in mean dry matter production across all three soils
with DCD at the high fertiliser rate only (P < 0.001).
When each soil was considered separately, the production from urine treatments
was higher than from non-urine treatments (P < 0.001) on all soils. However no
other contrast was significant on the Rathangan. On both the Elton and Clonakilty
soils, higher dry matter production was observed from the Urine + High Fertiliser
treatment than the Low, and from the 1000 kg urine-N ha−1 treatment than the
standard urine rate (P < 0.001). On the Clonakilty soil higher production was
observed from the Fertiliser treatments than the Control (P < 0.01), and the High
Fertiliser treatment produced more dry matter than the Low (P < 0.05).
On the Clonakilty soil there was a 35% increase in herbage production with
DCD at the low fertiliser rate only (P < 0.05). On the Elton soil there was a
decrease in herbage production with DCD at the high fertiliser rate only (P <
0.01). DCD had no effect on herbage production from the Rathangan soil.
The herbage N percent over time is illustrated in Figures 3.41, 3.42 and 3.43.
The urine application date is shown on the figures, note that urine application
occurred after the last autumn harvest, and lysimeters were not harvested again
until the following spring.
The effects of DCD were most pronounced in the first two harvests following
treatment application (Figures 3.41, 3.42 and 3.43). When the first two harvests are
considered in isolation, the pasture N content in the urine treatments was higher
than in the non-urine treatments (P < 0.001) across all soils. There was an overall
increase in herbage N when DCD was applied (P < 0.01).
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Figure 3.40: Total DM production 2007 treatments, error bars ±1 SEM. Treat-
ments were a Control, Fertiliser at 141 and 291 kg N ha−1 (Fert Low and Fert
High), urine applied in November with low and high fertiliser (Urine FL and Urine
FH), November urine with DCD (U FL DCD and U FH DCD), and urine applied
at 1000 kg urine-N ha−1 with high fertiliser (U1000 FH).
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Figure 3.41: Herbage percent N over time, Clonakilty soil 2007. Treatments were a
Control, Fertiliser at 141 and 291 kg N ha−1 (Fert Low and Fert High), urine applied
in November with low and high fertiliser (Urine FL and Urine FH), November urine
with DCD (U FL DCD and U FH DCD), and urine applied at 1000 kg urine-N
ha−1 with high fertiliser (U1000 FH).
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Figure 3.42: Herbage percent N over time, Elton soil 2007. Treatments were a
Control, Fertiliser at 141 and 291 kg N ha−1 (Fert Low and Fert High), urine applied
in November with low and high fertiliser (Urine FL and Urine FH), November urine
with DCD (U FL DCD and U FH DCD), and urine applied at 1000 kg urine-N
ha−1 with high fertiliser (U1000 FH).
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Figure 3.43: Herbage percent N over time, Rathangan soil 2007. Treatments were a
Control, Fertiliser at 141 and 291 kg N ha−1 (Fert Low and Fert High), urine applied
in November with low and high fertiliser (Urine FL and Urine FH), November urine
with DCD (U FL DCD and U FH DCD), and urine applied at 1000 kg urine-N
ha−1 with high fertiliser (U1000 FH).
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If the two fertiliser rates are considered separately, there was an overall increase
in herbage N content in the first two harvests with DCD on the low fertiliser
treatments (P < 0.01), but not at the high fertiliser rate (P > 0.05).
When the three soils are considered separately, there was an overall increase
in herbage N content in the first two harvests with DCD on the Clonakilty (P <
0.05) and Rathangan (P < 0.01) soils, but no effect of DCD on the Elton soil (P >
0.05). When the fertiliser rates were considered separately, there was a significant
increase in herbage N content at the Low fertiliser rate on the Rathangan soil (P
< 0.001), and nearly significant increases at both the low and high fertiliser rates
on the Clonakilty soil (P = 0.0671 and P = 0.0574 respectfully).
The mean herbage N percentages for the 12 months following treatment appli-
cation are shown in Table 3.10. Mean herbage N content was higher on the Elton
than the Clonakilty soil (P < 0.01).
Across all soils there was an increase in mean herbage N with the application
of urine, and an increase from the control with the application of fertiliser (P <
0.001). There was a higher N content on the High fertiliser treatment than the
Low both with and without the application of urine and DCD (P < 0.01). The
1000 kg urine-N ha−1 treatment had a higher mean N content than the standard
urine rate (P < 0.01).
Across all soils and fertiliser levels, there was an overall increase in mean herbage
N with the application of DCD at the low fertiliser level (P < 0.05), but not at the
high fertiliser rate (P > 0.05).
When the soils were analysed individually (Table 3.10), the increase in mean
herbage N with DCD at the low fertiliser level was only significant on the Clonakilty
soil (P < 0.01).
The total N uptake in pasture from all three soils is shown in Figure 3.44.
Total N ranged from 74 kg ha−1 (Control, Rathangan) to 505 kg ha−1 (U1000 FH,
Elton), and generally followed a similar pattern to DM production (Figure 3.40).
Total N uptake was lowest from the Rathangan soil, and highest from the Elton
(P < 0.001).
Nitrogen uptake was lowest in the control, and increased with the application
of fertiliser, with higher N uptake at the high fertiliser rate (P < 0.001). Nitrogen
uptake with urine was higher than from the control and fertiliser only treatments,
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Figure 3.44: Total N in herbage 2007 treatments, error bars ±1 SEM. Treatments
were a Control, Fertiliser at 141 and 291 kg N ha−1 (Fert Low and Fert High),
urine applied in November with low and high fertiliser (Urine FL and Urine FH),
November urine with DCD (U FL DCD and U FH DCD), and urine applied at
1000 kg urine-N ha−1 with high fertiliser (U1000 FH).
112 CHAPTER 3. LYSIMETER TRIAL
Table 3.10: Mean herbage N percent 2007 (SEM in brackets). Treatments were a
Control, Fertiliser at 141 and 291 kg N ha−1 (Fert Low and Fert High), urine applied
in November with low and high fertiliser (Urine FL and Urine FH), November urine
with DCD (U FL DCD and U FH DCD), and urine applied at 1000 kg urine-N
ha−1 with high fertiliser (U1000 FH).
Clonakilty Elton Rathangan
Control 2.79 (.10) 2.86 (.16) 2.87 (.32)
Fert 141 3.19 (.17) 3.21 (.15) 2.95 (.11)
Fert 291 3.64 (.03) 3.86 (.06) 3.74 (.06)
Urine FL 2.99 (.08) 3.19 (.01) 3.08 (.02)
Urine FH 3.23 (.09) 3.65 (.11) 3.61 (.07)
U FL DCD 3.31 (.11) 3.39 (.17) 3.30 (.08)
U FH DCD 3.38 (.09) 3.57 (.10) 3.96 (.08)
U1000 FH 3.43 (.07) 3.63 (.10) 3.83 (.11)
and was again higher at the high fertiliser rate whether with or without DCD (P
< 0.01). Total N uptake was higher from the U1000 treatment than from the
standard urine rate (P < 0.001).
DCD had no overall effect on N uptake (P > 0.05). However when the fertiliser
levels were considered separately, there was an increase in total N uptake with the
application of DCD at both the Low (P < 0.05) and High (P < 0.001) fertiliser
levels.
When each soil was considered separately, the increase in total N uptake with
DCD at the Low fertiliser level was only observed on the Clonakilty soil (P <
0.01). A slight decrease in total N uptake with DCD at the High fertiliser level was
observed on the Elton soil (P < 0.01), however there was an overall increase in N
uptake across the two fertiliser levels on this soil, which was nearly significant (P
= 0.0503). No effect of DCD on N uptake was observed on the Rathangan soil.
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3.6 Discussion
3.6.1 Leachate
Clonakilty and Elton soils
The total drainage of 622 - 677 mm is comparable to the Irish average figure
obtained from Mills (2000), 682 mm (Figure 2.17). It is still much higher than nor-
mally observed at Lincoln, New Zealand (e.g. 280 mm drainage from a Templeton
soil in Di and Cameron (2004b)). It is however comparable to the results obtained
by Fraser et al. (1994) at Lincoln under flood irrigation.
Peak nitrate concentration was observed at 250 - 300 mm drainage, comparable
to Fraser et al. (1994) and not dissimilar to the 200 - 250 mm peak observed by Di
and Cameron (2004b). This would suggest that although the total annual drainage
is different to that in Lincoln, the nitrate leaching mechanisms through the soils
are similar and that it is possible to compare the Wexford results directly with
those obtained at Lincoln.
The total annual nitrate loss from the Clonakilty and Elton soils with a standard
November urine application of 306 - 344 kg N ha−1 ranged from 114 to 233 kg NO−3 -
N ha−1. With a 1000 kg N ha−1 urine application in 2007, the loss increased to 361
- 460 kg NO−3 -N ha
−1. In contrast, Di and Cameron (2007) recorded losses of 59.7
and 254.9 kg NO−3 -N ha
−1 when urine was applied at 300 and 1000 kg N ha−1 on
a stony Lismore soil in New Zealand, i.e. considerably lower than the losses in the
present study.
Previous work in New Zealand has resulted in even lower losses, for example 85
kg NO−3 -N ha
−1 recorded by Di and Cameron (2004b) with 1000 kg urine-N ha−1,
and 40 kg total N loss ha−1 observed by Fraser et al. (1994) with 500 kg urine-N
ha−1.
The higher losses in this trial may be due in part to the seasonal drainage pat-
tern. Because the total drainage volume is higher than at Lincoln, the peak nitrogen
concentration occurs sooner, on a temporal basis, after application of urine, i.e. in
the middle of winter. The peak concentration occurs in January for all November
urine treatments, which is the middle of winter. Drainage however continues for
several months after this date. Most nitrate is therefore lost from the soil before
pasture growth rates increase in spring. In contrast the peak NO−3 concentration
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in Di and Cameron (2004b) occurred in the latter half of the drainage period (i.e.
spring). It is therefore likely that in the Di and Cameron (2004b) study more
nitrogen was able to be taken up by spring pasture before being leached from the
soil, and that this may help explain the lower leaching losses reported in these New
Zealand studies. Another explanation may be that there was a greater amount of
immobilisation in the NZ soils and that this retained more against leaching.
The peak NO−3 -N concentrations in this study were generally below the EU
Maximum Allowable Concentration (MAC) of 11.3 mg L−1 in the control and
fertiliser only treatments, but the urine treatments greatly exceeded the MAC
(Tables 3.1 and 3.3). The mean NO−3 -N concentrations from the urine treatments
were also above the MAC (Tables 3.2 and 3.4).
DCD had a clear effect on the nitrate concentration in drainage water in most
situations, tending to halve the peak drainage concentration (Tables 3.1 and 3.3).
However it also maintained high N concentrations for longer than when DCD was
not applied (Figures 3.14, 3.15, 3.20 and 3.21). Even with DCD, the mean concen-
trations from the urine treatments on the Clonakilty and Elton soils still breached
the MAC (Tables 3.2 and 3.4).
Despite the higher total N losses in this trial (cf. New Zealand data), the mean
annual concentrations observed were similar to concentrations of 20 - 25 mg NO−3 -
N L−1 observed with urine application in New Zealand (Di and Cameron, 2002b,
2004b), due to the higher drainage volume in this study.
While DCD reduced the total amount of nitrate leached from both soils (Figures
3.19 and 3.25), it did not reduce it by as much as in work at Lincoln (Di and
Cameron, 2004b). The total reduction in NO−3 -N loss for these soils when they
were individually significant (in 2007) was 41.5% for the Clonakilty and 38.0% for
the Elton, while reductions of 68% or more have been observed in New Zealand
(Di and Cameron, 2002b, 2004b, 2005). Having said that, reducing leaching losses
by around 40% represents a considerable reduction and indicates the potential to
use DCD on Irish soils to mitigate leaching losses.
In Ireland, as the peak nitrate concentration occurred in January, this was also
long before the second DCD application (in March). By March most nitrate had
already been lost, so the second DCD application could have little effect. The
emergence of the relatively later peak in Di and Cameron (2004b) would have
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allowed the second DCD application to have more effect. This may have only a
minor influence on the results however, as Di and Cameron (2004b) recorded only
a slight further reduction when the second DCD application was applied.
DCD appeared to hold N in the soil for longer and thus allow a greater pasture
uptake of N in spring. The herbage N contents of the Urine + Low Fertiliser
treatments in the first two spring harvests were elevated when DCD was applied
(Figures 3.36 and 3.37), as was the mean annual herbage N percent (Table 3.9).
The N percentages in the High fertiliser treatments were not increased by DCD,
probably because of N dilution within the greater mass of pasture dry matter
produced in the High fertiliser treatments.
The 2006 September treatment peaked after less drainage than the November
treatment (Figures 3.14 and 3.15), and had a higher peak concentration also (Table
3.1). The chloride loss from this treatment also peaked earlier than the November
treatments (Figure 3.27), suggesting that the early peak was purely due to the
drainage pattern. However the magnitude of the Cl− peak was no higher than that
of the November treatments, so drainage factors cannot on their own explain the
high peak.
Figure 3.28 shows the N loss in each collection over time for the 2006 urine
treatments, with the rainfall and 10cm soil temperature. There was a heavy rain-
fall event (33.5mm) on the 25th of October, which would have ensured high soil
moisture levels. This was followed by a relatively dry period with high soil temper-
atures, lasting until the 15th of November. These conditions would have allowed
high microbial activity, and rapid nitrification, but the nitrate produced was not
leached due to the low rainfall. Following the 25.8mm rainfall event on the 15th of
November, there was a period of high rainfall, with an additional 217 mm falling
over the following 44 days. This rainfall flushed out the nitrate produced during
the dry period, causing the high peak losses from the September urine treatment.
By the time the N from the November urine treatments started to be lost, the
soil temperature had dropped to below 10 ◦C, and the rainfall was also low. This
resulted in the urine-N from the November treatments taking a longer time to be
nitrified and subsequently leach, producing lower and more drawn out breakthrough
curves. When rainfall and soil temperatures increased again in February there was
a second peak in N loss, which was especially visible in the DCD treatments as
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these had retained more N in the soil.
This helps to explain why there is a difference between the Cl− breakthrough
curve and the NO−3 curve:
(i) The timing of the September treatment peak was due to physical factors
(heavy rainfall in late November causing high drainage losses soon after urine
application).
(ii) The magnitude of the peak was due primarily to higher soil temperatures re-
sulting in high microbial activity and faster nitrification following this treat-
ment compared to the low soil temperatures following the November treat-
ments.
Following the 2007 treatments there was a period of high losses during the
winter months, which decreased into the spring (Figure 3.29). However the 1000
kg urine-N ha−1 treatment maintained high losses well into the summer, recording
the highest N loss in one collection on the 10th of July. Although the losses from
the standard treatments had reduced by the time the spring DCD application
was applied, the losses from the 1000 kg N treatment had not. Should cattle be
depositing such large amounts of N in urine, the spring DCD treatment may have
a greater effect here than it has had in New Zealand (Di and Cameron, 2004b),
unfortunately the resources were not available to test this high urine rate with
DCD in this particular trial.
The mean annual N loss from autumn applied urine was considerably higher
than previously observed on these lysimeters from spring and summer applied urine
(Table 3.5). In addition, the mean N concentrations from autumn applied urine
were above the MAC, while those from spring and summer urine had been below
the MAC (Table 3.6), and peak N concentrations were far higher in autumn also
(Table 3.7). This confirms that autumn is the greatest risk period for nitrate
leaching loss (and therefore this is the period which should be targeted with the
use of DCD nitrification inhibitor).
Rathangan soil
The total drainage of 374 - 503 mm is much lower than that from the Clonakilty
or Elton soils, or the mean figure calculated for Ireland of 682mm (Figure 2.17). It
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is still higher than that observed at Lincoln, New Zealand (e.g. 280 mm drainage
from a Templeton soil in Di and Cameron (2004b)).
Peak NO−3 -N concentrations were observed after 100 - 350 mm of drainage
(Figures 3.16 and 3.22), which is a very wide range. The earlier peaks in 2007 may
be due to preferential flow down macropores in this heavier clay soil which may
have more structural cracks compared to the other soils studied here. These earlier
peaks occurred in the 2007 observations but not in 2006.
The peak NO−3 -N concentrations for urine treatments on the Rathangan breached
the MAC, and although reduced by DCD they continued to exceed the MAC in
2006 (Table 3.1). However following the 2007 treatments, DCD was able to keep
the peak NO−3 -N concentrations from urine below the MAC (Table 3.3). In both
years DCD reduced the mean NO−3 -N concentrations to below the MAC (Tables
3.2 and 3.4). Mean NO−3 -N concentrations with urine were below those observed
in New Zealand, and the concentration with DCD was similar to that observed in
New Zealand with DCD (Di and Cameron, 2002b, 2004b).
The total annual NO−3 -N loss from the Rathangan soil with a standard Novem-
ber urine application ranged from 16 - 100 kg NO−3 -N ha
−1. These losses are similar
to those observed at Lincoln from 300 - 500 kg urine-N ha−1 applications (Fraser
et al., 1994; Di and Cameron, 2007).
Total losses of N from the Rathangan soil were consistently lower than from the
lighter soils. This could be due in part to the higher denitrification observed on the
Rathangan soil, as evidenced by both the high N2O losses from this soil (Figure
3.34) and the low N / Cl ratios in the leachate (Figure 3.26). However the total
N2O loss observed without DCD was only 22 - 28 kg N, so this cannot entirely
account for the difference in leaching loss between the three soils.
DCD appeared to consistently reduce both the peak and mean NO−3 -N con-
centrations on the Rathangan soil (Tables 3.1, 3.2, 3.3 and 3.4), and the total N
loss (Figures 3.19 and 3.25), although these reductions were not always significant
when the Rathangan results were analysed individually, due to low replication. The
magnitude of these reductions was far greater than that observed on the lighter
Clonakilty and Elton soils.
Where the reduction in total N loss for the Rathangan soil was significant (2006
treatments), leaching was reduced by 52.8%. Although the reduction in N loss from
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the 2007 treatments was not statistically significant for the Rathangan soil when
considered individually, due to low replication, N loss was reduced by 85.6% in the
2007 year. As this difference was not significant in 2007 we cannot conclude that
DCD will actually reduce losses by that amount, but this does illustrate that the
52.8% reduction in 2006 was not a once-off event. It can be concluded that DCD
was highly effective at reducing NO−3 -N loss from the Rathangan soil in 2006 and
that this technology has considerable potential to reduce nitrate loss problems in
Irish soils.
The large reductions in N concentration and loss on the Rathangan soil with
DCD may be due to the slower drainage and longer residence time of N in the
soil, evidenced by the later peaks in N loss than on the lighter soils (especially in
Figure 3.16). This could have given a longer time in which DCD could influence
nitrification.
DCD enabled more N to be retained in the soil which resulted in a higher
pasture N content in spring on the low fertiliser treatment (Figure 3.38), however
this was less pronounced than on the lighter soils.
The Rathangan soil N losses were not affected as strongly as the Clonakilty and
Elton soils by short-term climatic factors such as heavy rainfall events (Figures 3.28
and 3.29), presumably due to the slow movement of drainage water through the
heavy soil.
Overall N loss from the Rathangan was lower than from the lighter soils due to
both lower herbage (Figure 3.39) and NO−3 -N loss (Figure 3.19), with the higher
N2O loss from the Rathangan only offsetting this slightly. Some N may have
been lost through ammonia volatilisation, but the majority is likely to have been
retained in the soil as either biomass N (immobilised N), or ammonium adsorbed
to or fixed within clay particles in this heavy soil. In the field, as this nitrogen
becomes available over time it may help to maintain pasture production until the
pasture receives the next urination - as on average any one point in a field will
only receive urine about once every five years. So there may be benefits from this
nitrogen that we have been unable to measure in this short-term trial.
The mean annual N loss from autumn applied urine was considerably higher
than previously observed from spring and summer urine, however the application of
DCD reduced autumn N loss to a similar level to that from spring and summer urine
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(Table 3.5). The mean N concentration from the Rathangan soil barely breached
the MAC after application of autumn urine, and was brought back below the MAC
with the application of DCD (Table 3.6). Even peak N concentrations were nearly
brought below the MAC with DCD (Table 3.7). In conclusion, there is a low risk
of nitrate leaching from the Rathangan soil polluting groundwater resources, and
where there is a risk this can be effectively countered with DCD.
Overall effectiveness of DCD
DCD reduced the overall N loss from all soils in both years, by 21.8% in 2006 and
by 43.5% in 2007. The effectiveness on each individual soil was also higher in 2007
(although not all individual soil results were significant). The DCD application
method was improved for the 2007 treatments (page 59), so the high reductions
in 2007 are probably closer to what would be expected in the field than the lower
results from 2006. The results prove that DCD is an effective method of reducing
NO−3 -N losses from both heavy and light soils.
By comparison, work in New Zealand has shown reductions in N loss from
autumn urine with DCD of 83% with 300 kg urine-N ha−1, and 45-76% with 1000
kg urine-N ha−1 (Di and Cameron, 2002b, 2004b, 2005, 2007). Further refinement
of the DCD methodology for Irish high leaching conditions (such as higher rates of
DCD or more frequent application) may be able to achieve similar high reductions
in Ireland.
3.6.2 Nitrous oxide
The N2O loss from all soils peaked rapidly after urine application (Figures 3.31,
3.32 and 3.33), presumably aided by the high soil temperatures at the time of
application (Figure 3.28). Nitrous oxide emissions had declined to low levels long
before the bulk of the NO−3 -N leaching occurred. A second peak was recorded on
the Rathangan soil on the 2nd of January (Figure 3.33), and was probably caused
by a peak in soil temperature and a heavy rainfall event in the days preceding this
observation (Figure 3.28).
DCD consistently reduced peak N2O losses from all soils, confirming the value
of DCD in reducing N2O emissions. More work would need to be done to obtain a
more accurate value in Ireland, but these initial results are promising.
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The overall N2O loss from the light Clonakilty and Elton soils was only 1.8 to
3.6 kg ha−1 when urine was applied. DCD did not reduce this loss by a significant
amount, but as the losses are negligible nitrous oxide emission is not a serious issue
on these soil types. Nitrate leaching is a greater issue on these soils, which have
little denitrification (as confirmed by the high N / Cl ratios in leachate from these
soils, Figure 3.26).
The overall N2O loss from the Rathangan soil was 22 to 28 kg N ha−1, which
was reduced by 45 - 51% with DCD. There is a high level of denitrification in the
Rathangan soil, confirmed by the low N / Cl ratios in leachate from this soil. The
lower drainage losses of N from this soil also mean more N is retained in the soil and
able to be denitrified. DCD was highly effective at reducing this denitrification.
Studies in New Zealand have shown reductions in N2O loss from autumn urine
(1000 kg urine-N ha−1) of 61 - 76% with DCD (Di and Cameron, 2003, 2006; Di
et al., 2007). Although these high reductions were not achieved in this trial, the
application method for DCD was not optimal in 2006, when these measurements
were taken, and it is likely that with spray application higher reductions in loss
would be achieved.
The emissions factors for urine-N (Table 3.8) from the Clonakilty and Rathan-
gan soils were well below the IPCC default value of 2%. This is in agreement with
previous work in New Zealand (de Klein et al., 2003), that has shown a range in
true emissions factors from cow urine depending on the soil type of between 0.3
and 2.5%. The emissions from the heavy Rathangan soil were much higher than
the IPCC value, 7 - 9% without DCD. This is comparable to values observed on
heavy soils by Hyde et al. (2006) at Johnstown Castle, Ireland, where up to 7.2% of
the total applied N (urine, dung and fertiliser) was lost as N2O. The high emissions
factors on the Rathangan soil were halved when DCD was applied, to around 4%
of the applied urine N.
Although the N2O component of the present study was limited, it shows DCD
to be a promising mitigation tool for N2O emissions. If DCD is to be used for
this purpose, further research is needed to verify its effectiveness in a range of
circumstances, and to give a body of work sufficiently conclusive to persuade reg-
ulators to accept adjustments in the IPCC emission factors when DCD is used -
otherwise even if agricultural emissions are reduced with DCD, the reduction will
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not be recorded. A method of incorporating DCD use in New Zealand’s emissions
calculations is outlined in Clough et al. (2007), and could be adapted for use in
Ireland.
3.6.3 Herbage
Dry matter production on this trial (Figures 3.35 and 3.40) was lower than generally
recorded in the literature. The mean annual DM production over both years was
3.1, 5.0 and 6.5 t DM ha−1 from the control, 141 kg N ha−1 (low fertiliser) and
291 kg N ha−1 (high fertiliser) treatments respectfully. These are comparable to
figures of 4.3, 6.9 and 8.7 t DM ha−1 recorded at 0, 150 and 300 kg N ha−1 over
four years from 16 sites in England and Wales (Hopkins et al., 1990).
However most literature figures indicate higher production than this. Laidlaw
(1984) recorded over five years in Northern Ireland means of 7.3 and 9.1 t DM
ha−1 with 0 and 90 kg N ha−1. Shalloo et al. (2004) recorded over three years
means of 11.7 t DM ha−1 with 450 - 650 kg N fertiliser ha−1 on a heavy soil at
Kilmaley, and 15.3 t DM ha−1 with the same treatments on a free-draining soil at
the Teagasc Moorepark research centre. In contrast the urine treatments on this
trial, with a similar total N input, only achieved a mean of 6.2 t DM ha−1 on the
heavy Rathangan soil, and 8.8 t DM ha−1 on the lighter soils.
This low pasture production will be at least partly due to moss growing on
these lysimeters, an ongoing problem throughout the trial. As the production was
so low, the N uptake may not have been optimised, and it may be reasonable to
expect higher pasture production and N uptake in the field.
DCD increased N uptake by pasture, especially at the low fertiliser level. It
particularly increased the N content of herbage in spring (Figures 3.36, 3.37, 3.38,
3.41, 3.42, and 3.43). DCD increased the annual mean herbage N % across both
fertiliser levels following the 2006 treatments, and on the low fertiliser level following
the 2007 treatments. (Tables 3.9 and 3.10). DCD also increased the annual N
offtake by pasture at the low fertiliser level in 2006, and both fertiliser levels in
2007 (Figures 3.39 and 3.44).
If DCD is to increase pasture production, it will do so by making more nitrogen
available to the plant after urine deposition. However although DCD consistently
increased N uptake, increases in dry matter production were less consistent. There
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was no increase with DCD following the 2006 treatments. Following the 2007
treatments there was a mean increase in dry matter production of 1.3% with DCD
across all three soils at the high fertiliser rate, and an increase of 35% at the low
fertiliser rate on the Clonakilty soil only (Figures 3.35 and 3.40).
A spring herbage N response to fertiliser N applied in autumn, accompanied by
little dry matter response, was also observed by Laidlaw et al. (2000) in Northern
Ireland, similar to the response seen here to DCD. Pasture has a low growth rate
over the winter months, and thus a low requirement for N. Marino et al. (2004)
observed maximum ryegrass dry matter production during the winter / early spring
months at around 2% herbage N, although this was in a drier climate than the
current study. If the modest N requirements at this time of year are met from
fertiliser and urine, extra nitrogen made available by DCD may be taken up but
will not cause an increase in pasture dry matter.
Well managed ryegrass pasture in March should have a nitrogen content of
around 3.57% (O’Donovan and Kennedy, 2007). In the current trial, the high
fertiliser rate with no urine achieved around this concentration in the first harvest
on all three soils (Figures 3.36, 3.37, 3.38, 3.41, 3.42, and 3.43), with most urine
treatments exceeding it. There was no shortage of N in the fertiliser and urine
treatments, and thus little scope for further N made available by DCD treatment
to increase dry matter production.
The fact that nitrogen was so plentiful at the fertiliser N application rates used
in this trial suggests that it may be possible to reduce fertiliser N application
rates when DCD is used while maintaining pasture production. This could reduce
costs for farmers. This trial did not however investigate the effect of DCD on the
inter-urine area, which comprises the majority of the pasture, so further research
is needed to confirm whether DCD can be used in this way.
It was note-worthy that there was little overall increase in dry matter production
with DCD, as increases in production of 19% on 300 kg urine-N ha−1 urine patches,
15 - 33% on 1000 kg urine-N ha−1 urine patches (Di and Cameron, 2004b, 2005;
Moir et al., 2007; Di and Cameron, 2007), and 21% on a whole-paddock basis (Moir
et al., 2007) have been recorded in New Zealand. When DCD does increase dry
matter production it can readily pay for itself in increased farm income.
The increase in production with DCD of 35% that was observed on the Clona-
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kilty soil at the Low fertiliser rate following the 2007 treatments is promising, as it
indicates the potential for DCD to have such dramatic effects on pasture produc-
tion in Ireland as well. However the overall production effect of DCD in this study
was unreliable.
In Ireland the greatest limits to productivity improvements are generally not
pasture production, but regulations such as the nitrates directive and the milk
quota system. Milk quotas are being abolished, leaving environmental regulations
as the major barrier to increased productivity. DCD offers a tool that may allow
farmers to run a higher stocking rate than would be allowed under the nitrates
directive, while minimising pollution. Even if there is no pasture response with
DCD, if it allowed a farmer to run an extra 0.5 cows per hectare it would be highly
profitable.
The effect of DCD on dry matter production in Ireland requires further research
to determine to what extent it may increase pasture yield, and whether it is possible
to reduce fertiliser N application rates when DCD is used.
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3.7 Conclusions
The nitrate leaching losses recorded in this study were higher than those recorded
in New Zealand, due primarily to soil and climatic differences. The total nitrate
loss was reduced by 22 - 44% with the application of DCD.
Despite the total N loss being high, the nitrate concentration in drainage water
was similar to that observed in New Zealand, and on the Rathangan soil was
brought below the MAC with the application of DCD.
The lowest total losses of N were observed from the Rathangan soil. This soil
has a low risk of NO−3 -N leaching loss, and DCD is very effective at reducing this
loss when it does occur. The nitrous oxide emission was high from the Rathangan,
and DCD was very effective at reducing this too, by 45 - 51%.
Higher nitrate leaching losses were observed from the lighter (Clonakilty and
Elton) soils, but were also reduced by DCD. Nitrous oxide emissions were negligible
from the Clonakilty and Elton soils.
DCD increased the herbage uptake of N, and in some cases increased dry matter
production. The consistent increase in herbage N uptake but inconsistent DM
response with DCD suggests luxury N uptake is occurring, and there may be the
potential to reduce fertiliser N inputs with DCD. Pasture yield was however low
overall in this study, and further work is needed to confirm to what extent DCD
affects dry matter production in Ireland.
Due to the higher drainage volumes that occur each year in Ireland there may
be a need for a higher rate of DCD, or more frequent applications, to achieve the
high reductions in N loss measured in New Zealand. This is an area for further
research. Nevertheless it can be concluded that the application regime used in this
trial reduced both NO−3 and N2O loss by a considerable amount, showing DCD to
be a promising tool to help Irish farmers satisfy their environmental obligations
while maintaining or increasing productivity.
Chapter 4
GPS trial
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4.1 Introduction
The previous chapter described a lysimeter trial that quantified the NO−3 -N loss
when urine is applied to soil, and the loss from non-urine treated soil. However on
its own this data has limited relevance to the actual field situation, as a paddock
contains both urine and non-urine areas, with the drainage from both being mixed.
The purpose of the field trial described in this chapter was to ascertain the
seasonal distribution of urine patches under different stocking rates on an Irish
dairy farm. This information can then be used to calculate the area of a pasture
affected and not affected by urine in each season, and combined with the lysimeter
leachate data to calculate the true loss of NO−3 -N from a grazed pasture under
different stocking rates. This field trial provides the essential link between the
controlled conditions of the lysimeter trial and the practical reality of a dairy farm.
4.2 Materials and methods
The methodology for this trial has been previously described in Dennis et al.
(2007a,b,d), and follows similar methodology to that used in Moir et al. (2006,
2009).
4.2.1 Field site and stock regime
This trial was established on Kilworth Farm, Co. Cork (Figure A.1), which is a
research farm run by the Teagasc Moorepark Dairy Production Research Centre.
The soil is a free draining acid brown earth, which is sandy loam to loam in texture,
comparable to the Clonakilty soil in the lysimeter trial.
There were three stocking rates of dairy cows: 2.0, 2.47 and 2.94 cows per
hectare (one cow equals one livestock unit (LU) in European terms). Two cows
per hectare represents the limit on stocking rate of 170 kg organic N per hectare
set down in the EU Nitrates Directive. The higher stocking rates represent more
intensive farming regimes than would be allowed under the Nitrates Directive.
There were three nitrogen fertiliser levels per stocking rate, as outlined in Table
4.1. The fertiliser levels were not identical for each stocking rate, as higher stocking
rates would be expected to require higher fertiliser levels in order to provide an
adequate quantity of pasture.
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The cows grazed on pasture from the 10th of February to the 20th of November
2007, a typical grazing period for Ireland. Cows were then housed for the winter
months, before returning to pasture on the 10th of February 2008.
Table 4.1: Field trial nitrogen fertiliser treatments
Stocking rate N fertiliser (kg N ha−1)
(LU ha−1) Low Medium High
2.0 119 160 193
2.47 147 196 205
2.94 172 221 229
A satellite photo of the farm is shown in Figure 4.1. The area studied (labelled
“Trial” in the map) was only one third of a wider grazing trial. The other two
thirds are marked “Silage” on the map. The milking and housing sheds were in
the building complex to the lower right of the photograph.
Figure 4.2 shows a map of the trial site. There were 27 paddocks in the wider
grazing trial, 9 of which were studied in this trial. There were nine separate groups
of five cows, each group being rotated around three paddocks, one of which is in the
area covered by this GPS trial. Out of every 30 days, approximately 10 were spent
grazing the area shown in Figure 4.2. One treatment was applied per paddock, with
variations in stocking rate being achieved by varying the paddock areas, as shown
in Table 4.2. Cows strip-grazed the paddocks (Figure 4.3), which were divided by
temporary electric fencing. Back-fencing was used to ensure even distribution of
excreta. The south end of the paddocks (bottom of Figure 4.2) was always grazed
first.
Grass silage was taken off the other two thirds of the wider grazing trial, but
not from the GPS trial area (Figure 4.1). The stocking rate treatments were
calculated across the entire wider trial, but this silage harvesting increased the
effective stocking rate on the section of the trial being considered here. On any
farm where silage is harvested a lower effective stocking rate would occur on the
silage area and a higher stocking rate on the remainder, so this reflects the practical
reality. Detailed information on cattle grazing was recorded to ensure that the true
stocking rate was known.
The trial site was surveyed using Differential Global Positioning System (DGPS),
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Figure 4.1: Satellite photograph of the farm (Google Earth)
Table 4.2: Details of the paddocks
Paddock Area (ha) Stocking rate (LU ha−1) N fertiliser rate
28 0.675 2.47 Medium
29 0.567 2.94 Low
30 0.567 2.94 High
31 0.567 2.94 Medium
32 0.675 2.47 High
33 0.675 2.47 Low
34 0.833 2.0 Medium
35 0.833 2.0 High
36 0.833 2.0 Low
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Figure 4.2: Map of GPS trial
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Figure 4.3: Cows grazing with back-fencing
with a Trimble AgGPS backpack rover unit. This system combines the GPS sig-
nal from satellites with corrections transmitted from lighthouses (Mizen Head, Co.
Cork and Loop Head, Co. Clare). The DGPS transmitters are maintained by
the Commissioners of Irish Lights for the purpose of maritime navigation, but the
signal can also be used inland. This system allowed the site to be surveyed to a
horizontal accuracy of around ± 1 m. The locations of all fencelines, water troughs
and other significant features (such as electricity poles) were recorded. The GPS
data was then loaded into ArcGIS, to produce a map of the site (Figure 4.2).
Eighteen field plots, 10 m by 10 m in size, were established within the stocking
rate treatments (Figure 4.2). Two field plots were located in each treatment, giving
a total of six plots per stocking rate. The plot layout was designed in ArcGIS, and
accurate GPS locations for all plot corners were produced. All plots were located
in the southern half of the paddocks, to ensure that they would be grazed around
the same time as each other (Figure 4.2).
For the remainder of the trial a Trimble Real Time Kinematics (RTK) GPS
system was used. This system requires a base station to be set up on the site
(Figure 4.4), taking the place of the lighthouse signals used in the previous DGPS
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Figure 4.4: RTK GPS base station
system. This base station must be positioned at a known point, in this case the base
station was erected over a borehole. The rover unit then combines the signals from
satellites with the signals from the base station, to achieve a horizontal accuracy of
under ± 0.02 m. The base station location was obtained using DGPS. This system
meant that the relative location of any two points within the trial was known to
within ± 0.04 m, and the relative location of any point within the trial to the Irish
Map Grid was known to ± 1 m.
The calculated plot corners were located in the field using the RTK unit. No
markers were used in the field to locate the plots, to allow the paddock to be
topped if necessary. Furthermore, it is difficult to locate pegs in long grass and
the GPS unit would be used to find them anyway if they were used. Instead of
using physical markers, the plot locations were recorded digitally. Plot corners
were located using GPS, and plots were marked temporarily using electric fence
standards when observations were to be made.
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4.2.2 Sampling regime
Field measurement of animal urine and dung deposition was made using the method
of Moir et al. (2006, 2009). Urine and dung patches were identified in the field by
eye at the start of the trial, and every second grazing thereafter from February 2007
to March 2008. Urine patches were identified based on pasture growth response
15 days post grazing. Figure 4.5 shows a number of urine patches, visible here as
areas of taller, darker pasture.
In order to ensure all autumn urine patches were observed (as not all autumn
applied urine patches will necessarily respond that autumn), the final recording
was conducted in spring 2008 (March). It was found in February 2007 that it
is difficult to distinguish dung and urine patches in long pasture that has been
growing all winter. To overcome this, plots were mown in February 2008, and the
pasture allowed to grow for three weeks. Patches were then observed in this fresh
regrowth.
The location of the centre of each urine and dung patch was recorded using
RTK GPS (Figure 4.6), and a coding system was used to identify whether the
point referred to a urine patch, old dung patch or recent dung patch. Although
dung patches were often circular and the centre could easily be defined, this was
not always the case as is shown by the typical dung patch shown in Figure 4.7. In
these cases the approximate centre was taken.
Figure 4.8 is a graphical representation of the distribution of urine patches on
one plot in two hypothetical observations, and shows the value of the GPS recording
system. A number of urine patches are recorded in the first observation. In the
following observation, these patches may still be visible, and a number of new
patches would have been deposited as well. If only the total number of patches
in the plot was recorded for each observation, it would be impossible to know
whether the urine patches were fresh or were old and had been recorded previously.
However, if the precise location of each patch is known, it becomes evident which
patches are fresh and which are not. This means that patches recorded once can be
disregarded in following observations, and the number of patches deposited between
each observation can be identified.
Each time the paddock was grazed, the number of cows grazing the paddock
was recorded, along with the date and grazing duration.
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Figure 4.5: Urine patches in the field
Figure 4.6: Recording dung and urine patch locations using GPS
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Figure 4.7: A dung patch
Figure 4.8: Temporal measurement of urine spatial distribution
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4.2.3 Interpretation
A urine patch was only considered to be fresh if it was not within 15 cm of a patch
that had been observed within the previous two observations.
All urine patches that were observed within 15 cm of a dung or urine patch
recorded in the previous two observations were identified individually using ArcGIS.
These patches, and all dung patches, were removed from the data, leaving only the
fresh urine patches.
Data were analysed using linear models in R (R Development Core Team, 2008).
The data were compared to literature figures to check the accuracy of the method-
ology used.
136 CHAPTER 4. GPS TRIAL
4.3 Results and Discussion
4.3.1 Stocking intensity
The effective stocking rate was calculated from the grazing dates and the numbers
of cows on the pasture at each grazing. Due to the silage harvesting regime, the
effective stocking rate observed on this trial was higher than that stated in the trial
design (Table 4.3). The effective stocking rate was calculated as cow grazing hours
per hectare rather than grazing days, to take into account the fact that in wet
conditions the cows were housed overnight. The true stocking rate was calculated
by assuming 21 cow grazing hours equals 1 grazing day (cows were off the pasture
for 3 hours a day during milking), and a 283 day grazing year (10 February to 20
November).
The overall grazing hours per hectare that would occur on land running the
treatment stocking rates of 2.0, 2.47 and 2.94 LU ha−1 are shown in Table 4.3.
The actual hours observed are also shown. When cows were grazing in this section
they were not grazing the silage area, meaning that the actual grazing hours spent
on the silage area (the remaining 2/3 of the trial) may also be calculated.
Table 4.3: Grazing hours per hectare at different stocking rates (LU ha−1)
2.00 2.47 2.94
Overall grazing hours ha−1 11886 14679 17472
Observed in this trial 18010 19674 19429
Predicted for silage area 8824 12182 16494
Equivalent stocking rates (LU ha−1):
Observed in this trial 3.03 3.31 3.27
Predicted for silage area 1.48 2.05 2.78
The true stocking rates observed in this trial area therefore did not differ as
greatly as the designed stocking rates. There was no real difference between the
medium and high stocking rate treatment, and these were only marginally higher
than the low stocking rate. The wide variation in stocking rate between areas of a
farm (such as from 1.48 to 3.03 LU ha−1 on land with an average stocking of 2.0
LU ha−1) will reflect the on-farm reality wherever silage is harvested.
The results below describe first what was actually observed on the trial (at
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stocking rates of 3.03, 3.31 and 3.27 LU ha−1), then what would be predicted for
the planned stocking rates of 2.00, 2.47 and 2.94 LU ha−1.
4.3.2 Annual figures
Observed
Annual urine patch numbers were primarily analysed on the basis of cow grazing
hours per hectare rather than stocking rate treatment, as this gives a universal
measure that can be used to compare all grazing regimes, and takes into account
the fact that the true stocking rates were higher than the treatment rates.
The total number of fresh urine patches occurring annually per hectare as a
function of grazing hours is shown in Figure 4.9. Urine patch numbers increased
with stocking rate (P < 0.05), with the regression line shown having an R2 value
of 0.39.
Figure 4.10 shows the annual number of fresh urine patches over fertiliser N
rate. There was no effect of fertiliser rate on urine patch numbers (P > 0.05).
A mean number of 0.359 (± 0.019 (SEM)) urine patches were deposited per cow
grazing hour across all treatments. This rate is comparable to the 0.26 patches per
hour observed by Oudshoorn et al. (2008). Assuming 21 grazing hours per day and
0.359 urine patches per cow grazing hour, this equates to 7.55 urine patches per
grazing day. The literature average is 10 urinations per day (Table 2.4). Consid-
ering the fact that cows spent three hours per day off the paddock being milked,
and that cows have a tendency to urinate during the milking process (on tracks
or in the cowshed), reducing the number of patches deposited in the paddock, the
observed patch numbers are consistent with the literature.
There were a mean of 6872 (± 398) patches deposited annually per hectare.
Assuming an average applied area of 0.33 m2 (Table 2.4), the mean annual area
coverage by urine was 22.7% (± 1.3%). Using a similar method, Moir et al. (2006)
recorded an annual area coverage of 22% from dairy pasture in New Zealand stocked
at 3.5 cows ha−1. This result is also comparable with other literature figures of
around 20% (Richards and Wolton, 1976; MacLusky, 1960; Whitehead, 2000). The
observed urine patch numbers and area coverage are broken down by treatment in
Table 4.4, under the heading “Observed”.
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Figure 4.9: Number of urine patches per hectare by grazing hours
Table 4.4: Urine patch numbers
Observed:
Actual stocking rate 3.03 LU ha−1 3.31 LU ha−1 3.27 LU ha−1
No. of urine patches ha−1 5517 7167 7933
Area coverage by urine 18.2 % 23.7 % 26.2 %
Predicted:
Stocking rate 2.00 LU ha−1 2.47 LU ha−1 2.94 LU ha−1
No. of urine patches ha−1 4272 5275 6279
Area coverage by urine 14.1 % 17.4 % 20.7 %
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Figure 4.10: Number of urine patches per hectare by fertiliser rate
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Predicted
Using the mean number of urine patches deposited per cow grazing hour, and the
grazing hour figures in Table 4.3, it is possible to predict the mean number of urine
patches and area coverage over a farm actually grazed at the treatment stocking
rates of 2.00, 2.47 and 2.94 LU ha−1 (Table 4.4). These lower percentage area
coverages are comparable to the 14.3 – 19.3 % observed using similar methodology
by Moir et al. (2006) on a New Zealand sheep and beef farm, with a stocking rate of
15.1 NZ standard stock units (1 sheep plus 1 lamb) per hectare. This is equivalent
to around 1.7 dairy cows per hectare if those cows were grazed permanently on
the pasture like the sheep & beef stock, or around 1.9 dairy cows when 3 hours of
milking per day is accounted for.
4.3.3 Seasonal figures
Observed
The number of fresh urine patches observed per plot (100 m2) at each observation
is shown in Figure 4.11, where the dots indicate individual plots and the line is the
mean across all plots.
Few urine patches were observed on the 14th of May. This observation was made
too soon following grazing, an error that was noted at the time. A second obser-
vation was therefore made a week later, on the 22nd of May, at which time more
fresh patches were observed. Particularly high numbers of patches were observed
in the August 2007 and March 2008 observations. However it was very difficult to
actually observe patches accurately in March 2008, due to the fact that the plots
had not been grazed for over 3 months, so the data in this observation may be less
reliable than in previous observations.
The data can be broken down into seasons, remembering that urine patches
may be first observed some time after they are deposited. The 14th of May, 22nd
of May and 14th of June observations represent spring. The 17th of August and
5th of October represent summer. The 12th of December and 7th of March 2008
observations represent autumn. There were no winter urine patches as the cows
were housed for winter, so any patches observed on the 7th of March will be autumn-
deposited patches reappearing. The grazing data can also be broken down into
4.3. RESULTS AND DISCUSSION 141
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
0
10
20
30
40
N
um
be
r o
f u
rin
e 
pa
tc
he
s 
pe
r p
lo
t
M
ay
 1
4 
20
07
M
ay
 2
2 
20
07
Ju
n 
14
 2
00
7
Au
g 
17
 2
00
7
O
ct
 0
5 
20
07
D
ec
 1
2 
20
07
M
ar
 0
7 
20
08
Figure 4.11: Number of fresh urine patches per plot at each observation
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seasons, with the assumption that spring is March to May, summer is June to
August, and autumn is September to November.
There was no effect of fertiliser N rate on urine patch numbers in any season.
There was no effect of cow grazing hours in spring or autumn, but there was an
increase in patch numbers with cow grazing hours in summer (P < 0.01). Summer
urine patches are plotted against summer cow grazing hours in Figure 4.12, with
the regression line having an R2 value of 0.439.
The number of urine patches per hectare in each season, and the grazing hours
per season, are shown in Table 4.5. More patches were observed in autumn than
in other seasons.
The grazing hours were higher in spring and summer than in autumn (Table
4.5), due to the fact that silage was harvested in the spring and summer, so cows
spent more time on this part of the trial then but not in autumn. This draws
into question the value of these seasonal observations in predicting overall seasonal
losses of N.
Predicted
Although the seasonal distribution of actual grazing hours (Table 4.5) shows us
the conditions on one area of the farm in one year, for overall farm calculations
including both silage and non-silage areas it may be more appropriate to simply
assign a third of the grazing hours to each season.
Table 4.6 shows the predicted mean grazing hours in any one season for the
whole farm at the treatment stocking rates, assuming that the stocking rate is the
same in each season, and the true seasonal values are a third of the annual values
(Table 4.3) as there is no grazing in the winter. Table 4.6 also shows the predicted
urine patch numbers per hectare per season, calculated from the mean deposition
frequency of 0.359 urine patches per cow grazing hour.
4.4 Conclusions
The actual stocking rate on the observed plots was considerably higher than the
target stocking rate. Although it was expected that the stocking rate would be
biased upward somewhat on this area due to the silage harvesting regime, the
actual extent of this bias was surprising. The observed data therefore shows the
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Figure 4.12: Number of summer urine patches per hectare by cow grazing hours
Table 4.5: Seasonal breakdown of observed patches and grazing hours
Observed stocking rate (LU ha−1) 3.03 3.31 3.27
Spring
Grazing hours ha−1 6463 7043 4910
Urine patches ha−1 1200 1917 1283
Summer
Grazing hours ha−1 5546 7778 9630
Urine patches ha−1 1867 1817 3050
Autumn
Grazing hours ha−1 6000 4853 4889
Urine patches ha−1 2450 3433 3600
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Table 4.6: Predicted grazing hours and patch numbers per season
Stocking rate (LU ha−1) 2.00 2.47 2.94
Grazing hours ha−1 3962 4893 5824
Urine patches ha−1 1424 1758 2093
urine distribution that can be expected on an area of pasture that is only grazed
while other areas of the farm are harvested for silage. It does not represent the
mean distribution of urine patches across an entire farm.
What this trial has given us is the annual urine patch numbers that can be
expected under the grazing conditions of this trial. When combined with the
grazing data, this trial tells us the average number of urine patches applied per
grazing hour over the year (0.359). This is a very flexible value that can be used to
calculate the expected urine patch distribution under any grazing regime, including
extended grazing and overnight housing, and at a range of stocking rates, including
the three stocking rates used in this trial. It is also valuable in that it represents
only those urinations that will fall on the pasture rather than on laneways or in
the milking shed, and can thus be used to predict N losses from grazed pasture.
This trial also shows that there is no effect of fertiliser rate on urine patch
distribution, urine patch distribution being instead a function of stocking rate.
This is logical and was expected, but it is good to have confirmed it conclusively.
The pasture area coverage by urine (22.7%) and urine deposition frequency (7.55
day−1 plus urinations during milking) observed in this trial is consistent with the
literature values of around 20% coverage and 10 urinations per day, and confirms
these values for use in future work. It is also consistent with the results of a New
Zealand trial using similar methodology at comparable stocking rates.
There can be a wide variation in the numbers of urine patches and the area
covered by urine between stocking rates as shown in Table 4.4, and even between
areas of the farm under different management within the one stocking rate, such
as areas where silage is or is not harvested. The potential for N loss will also
vary between areas of the farm within the one stocking rate, and this needs to be
remembered when these figures are used to predict N losses.
Chapter 5
Field scale losses
145
146 CHAPTER 5. FIELD SCALE LOSSES
5.1 Introduction
The ultimate purpose of this thesis is to calculate the losses of NO−3 from grazed
pasture at different stocking rates. This chapter brings together the results of the
GPS trial and the lysimeter trial to calculate these field scale losses.
A simple model is first outlined that can be used to calculate field scale losses
of NO−3 from grazed pasture.
Losses are then calculated for both the treatment stocking rates and the stocking
rates actually observed in the field trial (which were higher than intended).
5.2 Method
In conducting these calculations, spring was taken to be March, April and May,
summer to be June, July and August, and autumn to be September to December.
Lysimeter urine treatments within these three periods were used to obtain the mean
NO−3 -N loss from a urine patch applied in each season (Section 3.3.5, page 88).
Because there was little change in N loss with the two fertiliser rates used, and
to simplify interpretation of the data, both fertiliser rates were deemed to have the
same loss. The treatments were therefore broken down into Fertiliser alone, Spring
urine, Summer urine and Autumn urine (with and without DCD).
The Fertiliser, Autumn urine and Autumn urine plus DCD leaching figures are
each the mean of two treatments over two years. The Spring and Summer urine
results are each derived from a single treatment in 2005, from a previous experiment
on these lysimeters published in Stark et al. (2007). The total NO−3 -N loss, and
the mean and peak NO−3 -N concentrations per hectare for urine applied in each
season and for fertiliser alone (the non-urine area) are presented in Tables 3.5, 3.6
and 3.7.
Because the actual stocking rates differed from the treatment stocking rates due
to the grazing pattern (Section 4.3.1, page 136), the urine patch numbers expected
under each treatment stocking rate were calculated from the urine deposition rate
of 0.359 urine patches per cow grazing hour (page 137). The urine patch numbers
calculated for each season were as presented in Table 4.6.
In order to calculate the field-scale losses of N, a lysimeter containing a urine
patch was taken to represent an 0.5 m2 area of pasture (the surface area of the
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lysimeter) containing a literature average urine patch (0.33 m2, 2 L, 8.6 g N L−1,
page 59), as illustrated in Figure 5.1. This equates to 521 kg urine-N ha−1 to
the 0.33 m2 urine-applied area (yellow in Figure 5.1), or 344 kg urine-N ha−1 if
averaged across 0.5 m2 (dark green in Figure 5.1). This eliminated the need to
estimate urine patch areas, avoiding the uncertainty inherent in this. The non-
urine area was represented by the Fertiliser only lysimeter treatment.
Every urine patch observed in the field was assumed to be a literature average
urine patch, the same as the urine patches applied to the lysimeters.
For the purposes of calculation it was assumed that DCD had no effect on
the N leaching loss from spring and summer applied urine patches, or from the
fertiliser alone treatments, as no data had been gathered on this. As research in
New Zealand has shown DCD to reduce losses from both spring urine (Di and
Cameron, 2002b) and fertiliser alone treatments (Di and Cameron, 2007), the field
N loss values calculated in this thesis can be considered conservative estimates of
the true effect of DCD. Future research on the effect of DCD on the NO−3 loss
from these treatments in Ireland would allow the field-scale effect of DCD to be
calculated more accurately.
Although all urine treatments peak above the MAC (Table 3.7), not all these
peaks occur at the same time. The highest peak losses occur after the application
of autumn urine. The worst-case scenario for peak field NO−3 -N concentrations is
therefore assumed to be if all autumn urine patches peak simultaneously, and at the
same time the entire fertiliser only area of the pasture is producing peak NO−3 -N
concentrations. The peak concentrations are therefore calculated only from data
collected in this trial, not using data from Stark et al. (2007). In reality this worst-
case-scenario situation is unlikely to occur, as autumn urine patches are deposited
over a period of several months and will peak at different times to each other, so
the actual peak losses from a field should be lower than this.
Note that this calculated peak concentration reflects the peak mean concen-
tration from the entire farm, NOT the maximum value that any one sample may
reach. A suction cup below a urine patch, or a single field following heavy grazing,
may record a higher value than this - but the farm as a whole should not exceed
the predicted worst-case peak concentration.
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Figure 5.1: Calculation of field-scale N loss
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5.3 Modelling N loss for any stocking rate
This section outlines a simple empirical model that will allow the total NO−3 -N loss,
and the mean and peak NO−3 -N concentration, to be calculated for any stocking
rate. This model does not attempt to approach the complexity of the NCYCLE IRL
(del Prado et al., 2006) or the NLE (Di and Cameron, 2000) models, each of which
consider soil processes to help determine losses. This model simply considers the
soil as a “black box”, and calculates outputs for three particular soils based on
actual trial data from those soils.
This model is in essence a refined version of the simple calculation used in Silva
et al. (1999):
Np = (N1 · 0.25) + (N2 · 0.75)
Where Np represents the annual N leaching loss or mean annual N concentration,
N1 and N2 represent the leaching loss from urine and non-urine areas respectfully,
and 0.25 of the paddock is affected by urine annually.
In this model, the calculation in Silva et al. (1999) is improved to take into
account the variation in N loss between urine patches applied in different seasons,
and the variation in urine patch coverage between grazing regimes. A modified
version is used to calculate the worst-case-scenario peak N losses.
This model will yield the N loss results for the treatment stocking rates as
outlined in Section 5.4.1, page 154. It will however calculate different values than
presented on page 157 for stocking rates of 3.03, 3.31 and 3.27 LU ha−1, as the
model uses mean seasonal urine patch distribution values while the loss from these
stocking rates was calculated using the raw distributions observed during the GPS
trial.
5.3.1 Model data
The data for urine patch distribution used in this model is outlined in Table 5.1.
The urine patch distribution is ultimately calculated from the number of urine
patches per grazing hour, with the values for grazing hours and days adjusting the
distribution for different grazing regimes.
The annual nitrogen loss data used in this model is all presented earlier in
this thesis, but is summarised for convenience in Table 5.2. Note that as outlined
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Table 5.1: Urine patch distribution data
Parameter Symbol Value
Urine patches per grazing hour U 0.359
Grazing hours per day H 21
Grazing days per year D 283
Lysimeter size (m2) A 0.5
previously it has been assumed that DCD causes no reduction in NO−3 -N loss from
spring and summer urine, as no data was collected for this. This assumption may
be reasonably questioned, and it is hoped that future data will be able to fill in
these gaps. In the meantime this assumption allows the N loss to be estimated
with the greatest accuracy possible using the results from this thesis.
As the worst case scenario peak NO−3 -N concentrations are calculated assuming
the worst peak will occur following the application of autumn urine, the peak N
concentration from other seasons is not used in the calculations.
5.3.2 Model calculations
Area affected by urine
The proportion of the pasture represented by urine treated lysimeters (remembering
each lysimeter represents an 0.5 m2 area of pasture containing an average urine
patch), P , is calculated from the stocking rate in cows per hectare (S) using:
P =
S ·D ·H · U ·A
10000
Where the other variables are as defined in Table 5.1.
Alternatively, if the grazing regime is too complicated to define using D and H,
the actual grazing hours per year (Hy) can be determined and used to calculate P :
P =
S ·Hy · U ·A
10000
As there is no grazing during the winter months, the proportion of the pas-
ture represented by urine treated lysimeters for any one season (Psp, Psu, Pau) is
calculated to be a third of P :
Psp =
P
3
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Table 5.2: Annual N loss from lysimeters by soil type
Clonakilty Elton Rathangan
Total NO−3 loss (kg NO
−
3 -N ha
−1)
Fertiliser 8.32 9.29 2.36
Spring urine 27.20 19.65 9.07
Spring urine + DCD 27.20 19.65 9.07
Summer urine 63.48 34.76 36.27
Summer urine + DCD 63.48 34.76 36.27
Autumn urine 177.70 200.19 62.22
Autumn urine + DCD 131.79 144.55 21.30
Mean NO−3 conc. (mg NO
−
3 -N L
−1)
Fertiliser 1.18 1.65 0.48
Spring urine 4.90 2.69 2.09
Spring urine + DCD 4.90 2.69 2.09
Summer urine 10.73 9.01 6.27
Summer urine + DCD 10.73 9.01 6.27
Autumn urine 28.55 31.28 12.64
Autumn urine + DCD 21.21 20.08 5.02
Peak NO−3 conc. (mg NO
−
3 -N L
−1)
Fertiliser 4.25 7.40 4.64
Autumn urine 127.69 142.63 45.57
Autumn urine + DCD 69.61 93.88 11.91
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Total annual N loss
The NO−3 -N loss from one hectare of grazed pasture from urine patches deposited
in each season is calculated using:
Tsp = Nsp · Psp
Where Tsp is the total N loss from spring applied urine patches on a particular soil,
Nsp is the annual N loss per hectare from spring-applied urine on a soil as defined
in Table 5.2, and Psp is the proportion of the pasture affected by spring applied
urine.
The NO−3 -N loss from the non-urine area in one hectare of grazed pasture is
calculated using:
Tf = Nf (1− P )
Where Tf is the total N loss from the non-urine area (f = fertiliser only), Nf is
the annual N loss per hectare from fertiliser only on a particular soil, and P is the
total proportion of the pasture affected by urine in all seasons combined.
The total annual NO−3 -N loss from one hectare of grazed pasture is calculated
using:
Tt = Tsp + Tsu + Tau + Tf
Where Tt is the total annual N loss per hectare, Tsp, Tsu and Tau are the N loss
from urine patches applied in spring, summer and autumn respectfully, and Tf is
the N loss from the non-urine area.
The loss with DCD is calculated in the same manner, using the figures for N
loss with DCD from Table 5.2.
Mean N concentration
Assuming that the drainage from the urine and non-urine areas freely mixes to-
gether, the mean annual NO−3 -N concentration can be calculated in the same man-
ner as the total annual NO−3 -N loss, substituting the NO
−
3 -N concentration as
outlined in Table 5.2 for N in the above equations. In this case Tsp, Tsu, Tau
and Tf represent the contribution of urine patches in each season or the non-urine
area to the final NO−3 -N concentration, and Tt represents the mean annual NO
−
3 -N
concentration.
5.3. MODELLING N LOSS FOR ANY STOCKING RATE 153
Peak N concentration
The worst case scenario that would result in the highest N concentrations in drain-
age is if all autumn urine patches reach their peak concentration at the same time,
and are accompanied by peak losses from the remainder of the pasture as well, with
the loss from both the inter-urine area and the spring and summer urine patches
equalling the peak concentration from the fertiliser treatments in the lysimeter
trial.
The contribution of autumn urine patches to the peak concentration may be
calculated using:
Cau = Nau · Pau
Where Cau represents the contribution of autumn urine patches to the peak NO−3 con-
centration from a particular soil, Nau represents the peak NO−3 -N concentration
following application of autumn urine as defined in Table 5.2, and Pau represents
the proportion of the pasture affected by autumn applied urine.
The contribution of the remainder of the pasture area to the peak concentration
is calculated as:
Cr = Nf (1− Pau)
Where Cr represents the contribution of the remainder of the pasture area (the
non-urine area plus spring and summer urine) to the peak concentration, and Nf
represents the peak NO−3 -N concentration from fertiliser alone as defined in Table
5.2.
The worst-case-scenario peak NO−3 -N concentration is calculated as:
C = Cau + Cr
Where C is the peak NO−3 -N concentration and Cau and Cr are as defined above.
R code
Code that will load all the data in Tables 5.1 and 5.2 and conduct all the calculations
of this model in the R statistical package (R Development Core Team, 2008) is
contained in Appendix D. This code will calculate losses from all three soils with
and without DCD at an indefinite number of stocking rates simultaneously.
R is similar to the S language, so the code should also work with minimal
modifications in S-plus.
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5.4 Results
5.4.1 Field scale leachate
Treatment stocking rates
The annual field scale NO−3 -N loss per hectare originating from each defined sector
of the pasture (Non-urine area, Spring urine, Summer urine and Autumn urine) is
shown in Table 5.3. These losses are displayed for each soil type and stocking rate.
The largest contribution to N loss was from autumn urine patches.
These sectoral values are summed to give the total annual N loss per hectare
for each soil and stocking rate, with and without DCD, in Table 5.4. The smallest
leaching loss occurred on the heavy Rathangan soil. The higher the stocking rate
the greater the nitrate leaching loss. On average DCD reduced field-scale losses by
21%, however this varied with soil type and stocking rate.
The mean drainage NO−3 -N concentrations for each soil type, at each stocking
rate, with and without DCD, are shown in Table 5.5. Mean NO−3 -N concentrations
are below the guideline value of 5.65 mg NO−3 -N L
−1 (half the MAC) under all
circumstances, and are reduced further with DCD.
The theoretical worst-case-scenario NO−3 -N loss, assuming all autumn urine
patches peak simultaneously accompanied by peak non-urine-area losses, is illus-
trated in Table 5.6. Peak concentrations from the Rathangan soil are always below
the MAC.
Without DCD, the NO−3 -N concentrations in drainage water from the Clona-
kilty and Elton soils could peak above the MAC. With the application of DCD,
even the worst-case-scenario peak NO−3 -N concentration is below the MAC on the
Clonakilty soil. The Elton could still peak just above the MAC, but to a lesser
extent than without DCD.
For most of the year, the leaching loss from all soils at all stocking rates will be
well below the MAC. The loss may potentially peak above the MAC on the light
soils, especially during autumn, but the likelihood of this and the degree to which
the concentration breaches the MAC will be reduced using DCD.
The NO−3 -N concentrations do not peak above the World Health Organisation
recommended limit for drinking water of 22.6 mg NO−3 -N L
−1 on any soil.
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Table 5.3: Sectoral N loss by soil and stocking rate (kg NO−3 -N ha
−1)
2.0 SU ha−1 2.47 SU ha−1 2.94 SU ha−1
Clonakilty
Non-urine area 6.54 6.13 5.71
Spring urine 1.94 2.39 2.85
Summer urine 4.52 5.58 6.64
Autumn urine 12.65 15.62 18.60
Autumn urine + DCD 9.38 11.59 13.79
Elton
Non-urine area 7.31 6.84 6.37
Spring urine 1.40 1.73 2.06
Summer urine 2.47 3.06 3.64
Autumn urine 14.25 17.60 20.95
Autumn urine + DCD 10.29 12.71 15.13
Rathangan
Non-urine area 1.86 1.74 1.62
Spring urine 0.65 0.80 0.95
Summer urine 2.58 3.19 3.80
Autumn urine 4.43 5.47 6.51
Autumn urine + DCD 1.52 1.87 2.23
Table 5.4: Annual N loss by soil and stocking rate (kg NO−3 -N ha
−1)
2.0 SU ha−1 2.47 SU ha−1 2.94 SU ha−1
Without DCD
Clonakilty 25.65 29.72 33.80
Elton 25.43 29.23 33.02
Rathangan 9.52 11.20 12.88
With DCD
Clonakilty 22.38 25.69 28.99
Elton 21.47 24.33 27.20
Rathangan 6.60 7.60 8.60
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Table 5.5: Mean annual N concentration by soil and stocking rate (mg NO−3 -N
L−1)
2.0 SU ha−1 2.47 SU ha−1 2.94 SU ha−1
Without DCD
Clonakilty 4.07 4.75 5.43
Elton 4.36 4.99 5.63
Rathangan 1.87 2.20 2.53
With DCD
Clonakilty 3.55 4.11 4.66
Elton 3.70 4.18 4.67
Rathangan 1.33 1.53 1.73
Table 5.6: Worst case scenario peak N concentration by soil and stocking rate (mg
NO−3 -N L
−1)
2.0 SU ha−1 2.47 SU ha−1 2.94 SU ha−1
Without DCD
Clonakilty 13.03 15.10 17.16
Elton 17.02 19.29 21.55
Rathangan 7.55 8.23 8.92
With DCD
Clonakilty 8.89 9.99 11.09
Elton 13.55 15.00 16.45
Rathangan 5.15 5.28 5.40
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Observed stocking rates
The true stocking rates recorded on the 2.0, 2.47 and 2.94 LU ha−1 treatments
were actually 3.03, 3.31 and 3.27 LU ha−1 (Table 4.3). The actual urine patch
distribution observed under these stocking rates was not uniform in each season,
but varied due to the actual grazing regime used (Table 4.5). The raw seasonal
distribution observed is therefore not appropriate to use to calculate N losses from
a farm scale. However it can be used to calculate what losses would occur from an
area of a farm subjected to the same grazing that this trial received (grazing alone
while other areas of the farm were cut for silage).
The actual losses of N that would have been observed from this trial area, had
it been located on each of the three soils used in the lysimeter experiment, are
outlined in this section.
Table 5.7 shows the annual N loss by soil and stocking rate at the actual stocking
rates (and seasonal distribution) observed in this trial. The annual N loss is higher
than predicted for the treatment stocking rates. The annual N loss is reduced with
DCD by an average of 26%. The higher apparent losses at 3.27 than at 3.31 LU
ha−1 are caused by a greater number of autumn and summer urine patches being
observed under 3.27 LU ha−1, with more spring patches being observed at 3.31
LU ha−1 (Table 4.5). It is irregularities like this that make the predicted seasonal
distribution in Table 4.6, as used in the previous section, more appropriate for the
calculation of field losses than this raw data.
The mean annual N concentration and worst-case-scenario peak concentration
under the observed stocking rates are shown in Table 5.8. Mean concentrations are
above those predicted for the treatment stocking rates, but still below the MAC
in all cases. Worst case peak concentrations without DCD are above the MAC on
all treatments except the Rathangan at 3.03 LU ha−1. The Clonakilty and Elton
peak above the WHO drinking water limit of 22.6 mg NO−3 -N L
−1 in all treatments
except the Clonakilty at 3.03 LU ha−1. DCD reduces all concentrations to below
the WHO limit (except the Elton at 3.27 LU ha−1), but the light soils still peak
above the MAC with DCD.
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Table 5.7: Annual N loss by soil and stocking rate (kg NO−3 -N ha
−1), observed
stocking rates
3.03 LU ha−1 3.31 LU ha−1 3.27 LU ha−1
Without DCD
Clonakilty 35.35 44.22 48.43
Elton 35.67 45.37 48.20
Rathangan 13.26 16.36 18.74
With DCD
Clonakilty 29.73 36.34 40.17
Elton 28.86 35.82 38.19
Rathangan 8.25 9.34 11.37
Table 5.8: N concentration by soil and observed stocking rate (mg NO−3 -N L
−1)
3.03 LU ha−1 3.31 LU ha−1 3.27 LU ha−1
Mean Without DCD
Clonakilty 5.65 7.10 7.80
Elton 6.03 7.50 8.17
Rathangan 2.60 3.25 3.65
Mean With DCD
Clonakilty 4.75 5.84 6.48
Elton 4.90 5.92 6.52
Rathangan 1.67 1.94 2.28
Peak Without DCD
Clonakilty 19.37 25.44 26.47
Elton 23.96 30.61 31.74
Rathangan 9.65 11.66 12.00
Peak With DCD
Clonakilty 12.25 15.47 16.01
Elton 17.99 22.24 22.96
Rathangan 5.53 5.88 5.95
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5.5 Discussion
5.5.1 Comparison with the literature
I have attempted to compare the values predicted by the model with actual mea-
surements of leachate loss from grazed pastures - in other words, trials involving
mainly suction cups and field drains. This is complicated by the fact that under
light soils NO−3 -N concentrations from grazed pasture may be recorded using suc-
tion cups, but total losses are more difficult to record directly. Total losses may
be recorded more easily with field drains, but these are only appropriate on heavy
soils.
This discussion focuses on the results predicted for the treatment stocking rates
(Section 5.4.1, page 154), rather than from the raw observed urine patch distribu-
tion (page 157) for reasons outlined previously.
Mean NO−3 concentration
This trial shows that even under the highest stocking rate, and even without the
application of DCD, mean annual N concentrations from dairy pasture in Ireland
will be below the EU guideline value of 5.65 mg N L−1 (2.53 - 5.63 mg N L−1 at
2.94 cows per hectare with no DCD, Table 5.5).
This result is higher than the mean 3.9 mg N L−1 concentration recorded under
beef grazing (with a high fertiliser rate of 204 - 207 kg N ha−1) by Ryan (2002)
on a freely-draining soil at Teagasc Moorepark (Curtin’s farm). It is lower than
the four-year mean concentration of 8.2 mg NO−3 -N L
−1 recorded by Ryan et al.
(2006) on Curtin’s farm under dairy grazing.
On a clay loam soil at the Teagasc Solohead research farm, Humphreys et al.
(2008) recorded concentrations of 0.70, 0.86 and 1.07 mg NO−3 -N L
−1 at stocking
rates of 1.75, 2.1 and 2.5 dairy cows per hectare. The model outlined in Section
5.3.2 yields mean annual concentrations of 1.7, 1.9 and 2.2 mg NO−3 -N L
−1 for the
heavy Rathangan soil at these stocking rates. Remembering that the Rathangan is
not exactly the same soil as is at Solohead, these values are fairly close, although
the model may be overestimating losses slightly.
Watson et al. (2000) recorded the NO−3 -N in leachate from 0.2 ha drainage plots,
grazed by beef steers in Northern Ireland. At 100 - 300 kg N fertiliser per hectare,
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the mean NO−3 -N concentration was 5.5 mg N L
−1, similar to that recorded in this
trial. Hooda et al. (1998) recorded a mean of 6.4 mg NO−3 -N L
−1 under grazing
by dairy cattle of a silty clay loam soil in Scotland.
Loiseau et al. (2001) recorded a mean annual concentration of 10 mg N L−1
under simulated grazing of large (3 m2) lysimeters filled with a loam soil and sown
with ryegrass and white clover in France. This is higher than calculated in this
trial, but below the MAC.
Decau et al. (2004) applied cow urine to 20% of the surface of 2 m2 lysimeters,
filled with a calcosol soil, in different seasons in France. The mean leaching loss from
their spring, summer and autumn applications should reflect the field leachate loss
under grazed pasture. The mean annual NO−3 -N concentration from these three
treatments was 19.9 mg N L−1 with 150 - 300 kg N fertiliser ha−1. This was
considerably higher than observed in the present trial, most likely due to the larger
urine patches used in Decau et al. (2004) (3 L of 7 - 11 g N kg−1 urine) and the
lower drainage volumes in that trial, but also potentially influenced upwards by
the disturbed soil used to fill these lysimeters.
Ledgard et al. (1996) recorded a mean of 12 mg NO−3 -N L
−1 over two years in
suction cups under a freely grazed silt loam soil grazed by dairy cows (3.24 cows
ha−1), with 200 kg fertiliser N ha−1. This is considerably higher than predicted
by the model, which yields 5.9 and 6.0 mg NO−3 -N L
−1 for the Clonakilty and
Elton soils respectfully at that stocking rate. The NO−3 -N concentrations may be
expected to be lower in Ireland however due to dilution in a higher total drainage
volume (392 mm in Ledgard et al. versus 643 mm from the Clonakilty and Elton
soils in this study). In addition, the soils used by Ledgard et al. were most likely of
volcanic origin (Molloy, 1998) and may be expected to behave differently to Irish
sedimentary soils.
The mean annual concentrations calculated in this trial were lower than the
mean of 13.5 mg N L−1 calculated using a similar method by Silva et al. (1999)
for grazed dairy pasture in New Zealand under a range of fertiliser treatments,
however this figure was for a “worst-case leaching scenario” as all urine patches
were presumed to have the same losses as an autumn urine patch. In reality NO−3 -
N concentrations will be lower than calculated by Silva et al. (1999).
The mean annual NO−3 -N concentrations calculated for grazed pasture are rea-
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sonably consistent with values recorded under grazed pasture in Ireland (Ryan,
2002; Ryan et al., 2006; Humphreys et al., 2008; Watson et al., 2000).
Peak NO−3 concentration
The “peak” value predicted by this model is the maximum level the mean con-
centration from the entire farm may be expected to reach in autumn. It does not
reflect the maximum value that may be recorded by one individual sampler. The
predicted mean value therefore corresponds in the literature to the highest point a
graph of mean NO−3 -N concentration over time should be able to reach.
The peak NO−3 -N concentrations predicted using this model reached 21.6 mg
NO−3 -N L
−1 at the highest stocking rate on the light soils, and 8.9 mg NO−3 -N L
−1
on the Rathangan (Table 5.6).
The highest weekly mean concentrations recorded under a dairy grazing and
fertiliser treatment on a freely draining soil at Moorepark by Ryan et al. (2006) over
four years were 11.1, 5.0, 12.2 and 72.2 mg NO−3 -N L
−1. The peak concentrations
for the first three years were lower than that predicted for the Clonakilty soil on
this trial (13.0 - 17.2 mg NO−3 -N L
−1, Table 5.6), but the final year exceeded these
concentrations. The four-year mean peak concentration of 25.1 mg NO−3 -N L
−1 is
comparable to the peak of 21.6 mg NO−3 -N L
−1 predicted for the Elton soil at the
highest stocking rate in this trial.
Ledgard et al. (1996) recorded soil moisture N concentrations at 1m depth with
suction cups under grazed pasture (3.24 cows ha−1) on a freely drained silt loam
soil in New Zealand. The peak NO−3 concentration in 1993 and 1994 averaged 17.1
mg NO−3 -N L
−1 with 200 kg fertiliser N ha−1. Ledgard et al. (1998) reported the
shallow groundwater NO−3 concentrations (1.6 - 4 m) from the same trial, recorded
using piezometers in 1994 - 1996. Over these years, the peak NO−3 concentration
averaged 12.6 mg NO−3 -N L
−1 with 200 kg fertiliser N ha−1. These peak nitrate-N
concentrations are similar to those predicted for light soils by the model.
Peak NO−3 -N concentrations under clay loam soil did not exceed 9.5 mg NO
−
3 -
N L−1 under dairy grazing in Humphreys et al. (2008), comparable to the worst
peak predicted by the model for the Rathangan. Hatch et al. (1997) recorded no
concentrations above 2.5 mg NO−3 -N L
−1 from field drains on a clay soil, however
they do not specify what livestock were grazing this pasture.
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Peak concentrations from a clay soil under beef grazing did not exceed 20 mg
NO−3 -N L
−1 with reseeded pasture and 400 kg fertiliser N ha−1 (the treatment
most similar to a dairy farm) in England (Scholefield et al., 1993).
Hooda et al. (1998) recorded concentrations of up to 64.6 mg NO−3 -N L
−1 on
a silty clay loam under dairy grazing in Scotland. However these high concentra-
tions were recorded in June - July, in a very small volume of drainage (losses are
barely perceptible in their graphs). During the period from October to April, when
drainage was actually occurring, concentrations did not reach 20 mg NO−3 -N L
−1,
and were considerably lower than this in most treatments.
Some trials in the UK (Scholefield et al., 1993; Hooda et al., 1998) have recorded
higher peaks from heavy soils than predicted by this model for the Rathangan. This
may reflect variations in soil type. It may also reflect the fact that all these trials
are recording the losses from one field rather than the entire farm, for practical
reasons. One field may exceed the maximum value predicted for the entire farm
by this model following heavy grazing, while the concentration of NO−3 in drainage
water from the entire farm is below the predicted peak.
In general, the peak values predicted by this model reflect those recorded in the
literature, with some understandable exceptions.
Total NO−3 loss
The predicted total field NO−3 -N loss increased from 25.5 to 33.4 kg NO
−
3 -N ha
−1 as
stocking rate increased from 2.0 to 2.94 cows ha−1 on the light soils, and 9.5 - 12.9
kg NO−3 -N ha
−1 on the heavy soil (Table 5.4).
Watson et al. (2000) recorded total losses of 12.6 to 34.2 kg N ha−1 on a grazed
sandy clay loam soil in Northern Ireland, similar values to those observed in this
trial. Hooda et al. (1998) recorded mean total losses of 34.3 kg NO−3 -N ha
−1on a
silty clay loam under grazing by dairy cattle in Scotland.
Scholefield et al. (1993) recorded mean losses of 38.4 kg NO−3 -N ha
−1 from a
clay soil under beef grazing with 200 kg N fertiliser ha−1, however this was an old
pasture that does not represent the potential for N uptake of a dairy pasture. They
recorded 55.7 kg NO−3 -N ha
−1 with reseeded pasture and 400 kg N fertiliser ha−1.
The total NO−3 -N loss predicted by this model is well within the range of values
recorded in the literature. Some clay soils have been reported with losses exceeding
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those predicted by this model for the Rathangan soil, being closer to those reported
for the light soils (Scholefield et al., 1993). This may reflect variations in soil type
rather than errors with this model.
However one issue with using the Rathangan soil in a lysimeter is that a heavy
clay soil will naturally drain laterally, whereas in a lysimeter it can only drain
vertically. There is a possibility that in the lysimeters, drainage from the Rathan-
gan is impeded and losses are lower than would be recorded in field drains. This
could explain the higher total losses recorded in field drainage experiments in some
circumstances.
Total losses are harder to determine accurately for freely drained soils under
grazing, as drainage plot studies are not appropriate for freely drained soils. Loiseau
et al. (2001) recorded losses of 9 kg NO−3 -N ha
−1 from lysimeters under simulated
grazing, lower than predicted in this trial. The mean N loss for grazed pasture
calculated from Decau et al. (2004) (as calculated above for the mean annual con-
centration), was 24.4 kg N ha−1, which is comparable to the total loss predicted in
this trial for freely drained soils.
Silva et al. (1999) calculated a mean value of 46.8 kg N ha−1 in leachate using
a similar method to that used in this trial. As previously mentioned, the figures of
Silva et al. (1999) represent a worst-case scenario and actual losses will be below
that, making the results from this trial reasonably consistent.
Ryan et al. (2006) calculated a three-year mean loss of 31.2 kg NO−3 -N ha
−1 un-
der dairy grazing on a freely drained soil at the Teagasc Moorepark research station.
This is consistent with the losses predicted for light soils in this trial, however it
was calculated from suction cups so is not a direct measure of N loss.
Ledgard et al. (1996) and Ledgard et al. (1998) measured N concentrations
under dairy pasture (3.24 - 3.3 cows ha−1) with suction cups on a freely drained
soil in New Zealand. Ledgard et al. (1996) calculated the total annual N leaching
loss to average 57 kg N ha−1 in 1993 and 1994, while Ledgard et al. (1998) reported
a mean of 81 kg total N ha−1 per year for the same site in 1994 - 1996. These
results are considerably higher than not only this model but the calculations of
Silva et al. (1999) as well.
There is a possibility that the suction cup method used by Ryan et al. and
Ledgard et al. was less accurate at calculating losses than the lysimeter method
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used in this trial and that of Silva et al. (1999), which may be a factor in the
discrepancies between these values, but is unlikely to explain the entire difference.
There may be differences in the nitrogen fixation rate between the trials as
well - Ledgard et al. (1998) recorded 117 kg N fixation ha−1with 200 kg fertiliser
N ha−1. Historical N fertiliser levels would probably have been low on the New
Zealand farmland used by Ledgard et al., resulting in higher clover levels and N
fixation in the Ledgard et al. trial than in the current trial. The volcanic soils
studied by Ledgard et al. (Molloy, 1998) may also behave differently to the soils
used in this trial.
The NO−3 -N losses from this trial are very similar to those calculated by Ryan
et al. (2006), the only trial above that was also conducted on a dairy farm in the
Republic of Ireland.
The losses are also approximately consistent with literature figures from other
countries, although some literature values are higher than those predicted in this
trial.
Overall
In general, the values for field scale losses predicted by this simple model are quite
close to those reported in the literature. There is a wide range of values recorded
for N loss from heavy soils in the literature, and this reflects the fact that the
Rathangan does not represent all “heavy” soils. However the results from the
Rathangan soil are quite close to those reported for a number of heavy soils.
Good field scale data for total N loss that has been directly measured from
light soils under grazing is difficult to find, due to practical difficulties recording it.
However mean and peak concentrations of N are easily recorded under light soils
using suction cups and piezometers, and the model predicts these concentrations
accurately, giving comparable values to those recorded by Ryan et al. (2006) at
Moorepark. Total N losses predicted for light soils are also similar to those predicted
from suction cups by Ryan et al. (2006), and those recorded by Decau et al. (2004)
under simulated grazing of large lysimeters, but lower than predicted for dairy
pasture in New Zealand using suction cups (Ledgard et al., 1996, 1998).
I could find no values in the literature for field losses with DCD in Ireland or
the UK to compare with the model.
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5.5.2 Effectiveness of DCD
DCD reduced total predicted field-scale losses of NO−3 -N by an average of 21%
across all soil types and stocking rates. In reality the reduction is likely to be
higher than this, as the model assumes there is no effect of DCD on spring or
summer urine. DCD will probably decrease N loss from this urine deposition as
well, for example Di and Cameron (2002b) recorded a reduction in N loss from
spring urine of 42% with DCD. Also, as mentioned previously, the effect of DCD
was greater following the 2007 treatments when the DCD application method was
improved. It is likely that with the improved application method the average effect
of DCD in autumn will also be higher than assumed here. So 21% is probably the
minimum reduction that can be expected with DCD.
Di and Cameron (2002b), using a similar calculation to that used in this model,
estimated field losses in New Zealand to be 118 kg N ha−1 without DCD, and 46
kg N ha−1 with DCD - a reduction of 61%. In addition, they calculated that DCD
would reduce the mean annual concentration from 19.7 to 7.7 mg NO−3 -N L
−1.
The total losses and mean concentrations in Di and Cameron (2002b) were
higher than predicted by this model due to a higher urine-N application rate in their
trial, and a higher proportion of the paddock area being assumed to be affected by
urine. They also predicted higher reductions in loss with DCD. The losses predicted
in the current trial are closer to what would be actually expected in Ireland, but
the high reduction in loss predicted with DCD by Di and Cameron (2002b) may
be achieved in Ireland with more frequent or larger applications of DCD - this is
an area for future research.
5.5.3 Implications for drinking water
The mean annual N concentration is below the EU guideline value in all circum-
stances. However the concentration does fluctuate, peaking above the guideline
value on all treatments and even above the MAC on the lighter soils. As the
concentration does not peak above the WHO limit for drinking water (22.6 mg
NO−3 -N L
−1) there should be minimal risk to public health from these occasional
high concentrations, but there may still be regulatory consequences if these peaks
above the MAC are present in drinking water.
Whether water abstracted from an aquifer will actually peak above the MAC
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is dependent on the characteristics of the aquifer and the travel time for water
between the farm and the abstraction point. The concentration of water removed
from a large, slow moving aquifer should reflect the mean annual concentration
leaving the farm, so should be below the EU guideline value. However if there is a
short travel time between the farm and the abstraction point, peak concentrations
may be evident in drinking water, and there is a possibility that the drinking water
NO−3 concentration may exceed the MAC.
Denitrification may also occur below 1 m, and remove some of this NO−3 .
This means that whether the NO−3 concentrations in drainage water predicted
in this study are “acceptable” or not is largely dependent on aquifer characteris-
tics. In some circumstances a farm running 2.94 cows ha−1 on a Clonakilty soil
may cause drinking water NO−3 concentrations to peak above the MAC, and re-
quire DCD or other measures to mitigate this. However on a different aquifer,
or with a greater distance between the farm and the abstraction point, the peak
concentrations leaving a similar farm may not appear in drinking water.
As this model only predicts the NO−3 concentration in drainage water leaving a
farm, which may not represent the resultant concentration in drinking water, it is
impossible to relate these results to a blanket stocking rate that would satisfy the
EU regulations for drinking water.
The results of this trial must be considered in conjunction with local hydrology
if they are to be meaningfully compared to regulatory drinking water limits.
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5.6 Conclusions
The simple model presented here predicts values that are reasonable and match
actual measured values for N loss from grazed pasture in the literature.
The model therefore appears useful in its present form to predict N losses from
dairy farms on soils similar to the three tested here, and with further refinement of
the data used in it (such as the addition of values for the effect of DCD on spring
and summer urine) should become more accurate.
Nitrate levels in drainage from a dairy farm may peak above the EU guideline
value, and even occasionally above the WHO guideline value (the EU MAC). They
do not peak above the WHO limit for drinking water (22.6 mg NO−3 -N L
−1).
The mean annual NO−3 concentration was below the EU guideline value in all
circumstances.
Nitrate concentrations and total losses were considerably lower on the Rath-
angan soil than the lighter Clonakilty and Elton soils in all circumstances. Peak
NO−3 concentrations leaving the Rathangan soil never exceeded the MAC.
This trial only yields the concentrations of NO−3 in drainage water, not in
abstracted drinking water. It is important to not assume that if the water leaving
the farm occasionally peaks above the MAC, drinking water will also breach the
MAC - as that is entirely dependent on aquifer characteristics and will vary from
location to location.
The results suggest that if there are persistently higher levels of NO−3 in an
aquifer than the EU guideline value, or if the concentration is occasionally peaking
above the WHO limit, it is likely that at least some of this NO−3 has not originated
from dairy pasture with sensible rates of nitrogen fertiliser. There may be an
alternative source that needs to be identified, which could be excessive levels of
inorganic or organic fertiliser, arable land, a concentration of septic tank systems,
industrial contamination, or another reason. If this is the case, restricting stocking
rates will do little to clean up the aquifer, and will actually divert resources and
distract the attention of both regulators and the public from solving the real issue.
In future if limits for NO−3 in particular sensitive environments are defined,
the model outlined here will be able to define maximum stocking rates with and
without DCD within these environments.
DCD is effective at reducing nitrogen losses, and will have particular value in
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reducing:
• Peak NO−3 concentrations where these are of concern in particular aquifers.
• Mean annual NO−3 concentrations where particularly low concentrations are
required for sensitive ecosystems.
• Total NO−3 loss to save money on fertiliser, or achieve greater efficiency where
fertiliser rates are restricted.
• Emissions of N2O, for GHG emission compliance.
Chapter 6
Conclusions
6.1 Findings
This trial is the first work on leaching losses from grassland with the application
of DCD in Ireland. The results suggest that in many circumstances N losses may
already be low enough to not require either regulation or the use of nitrification
inhibitors, provided fertiliser application rates are comparable to those used in this
trial. However where N losses are considered excessive, DCD shows great potential
to reduce these losses.
Nitrate-N losses from the lysimeters were lower from the Rathangan soil than
the lighter Clonakilty and Elton soils. Annual NO−3 -N leaching losses from urine
patches were 16 – 100 kg NO−3 -N ha
−1 from the Rathangan, and 163 – 233 kg
NO−3 -N ha
−1 from the Clonakilty and Elton soils. There was little difference in
loss between the Clonakilty and Elton soils.
Nitrate losses increased with fertiliser and urine application. DCD reduced total
NO−3 -N losses from urine patches by 40 - 50% when reductions were significant,
and also reduced NO−3 -N concentrations in leachate.
The N2O emissions factors recorded for urine-N (0.4 - 1.1 % on the light soils,
7 - 9 % on the Rathangan) are comparable to those recorded by other researchers.
The emissions factors for the light soils were below the IPCC default value of 2%,
and the Rathangan emissions factor was above it. The emissions factor for the
Rathangan soil was halved when DCD was applied.
DCD also increased herbage N content, and in some treatments increased total
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herbage yield.
The urine deposition frequency and pasture coverage by urine recorded in the
GPS trial were comparable to those recorded by other researchers. The urine
deposition frequency of 0.359 urine patches per cow grazing hour provides a flexible
figure that can be used to predict urine deposition on pastures under a wide range
of grazing regimes.
The model for field-scale losses presented in this thesis is simple, but yields
results that are comparable to field measurements by many researchers. In its
present form it appears to predict NO−3 losses with reasonable accuracy. With
further refinements to the input data (such as the addition of N loss values from
spring- and summer-applied urine with DCD, or more soil types) it should become
more accurate.
Nitrate-N losses increased with stocking rate. At 2.94 cows per hectare, the
highest stocking rate, annual field N loss was below 34 kg NO−3 -N ha
−1, mean
concentrations were below 5.65 mg NO−3 -N L
−1 (the EU guideline value for drinking
water), and the worst-case-scenario autumn peak concentration did not exceed
21.55 mg NO−3 -N L
−1 (above the EU Maximum Allowable Concentration (MAC)
but below the World Health Organisation (WHO) drinking water limit).
All these values were reduced when DCD was applied. DCD was calculated
to reduce the total annual field loss of N by 21%, this being a very conservative
estimate of the true reduction in N loss with DCD for reasons outlined previously.
DCD also reduced peak losses from the Clonakilty soil to below the MAC.
The N losses recorded were comparable to other research in Western Europe
and New Zealand. DCD reduced these losses by a considerable amount, although
the reductions were not as large as previously found in New Zealand. DCD has
the potential to be an effective mitigation option for N losses from Irish pastoral
agriculture, and may become more effective with further refinement to the DCD
application regime for Irish farming conditions.
6.2 Implications
• Methaemoglobinaemia is not an issue requiring stringent regulation of Irish
grassland agriculture. Even at 2.94 cows ha−1 peak concentrations of NO−3 pre-
dicted in this study do not exceed the WHO limit for NO−3 in drinking water.
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If methaemoglobinaemia is perceived to be an issue, it is more likely a prob-
lem with infant feeding practices (page 26), and may be addressed through
the health system.
• This trial only yields the NO−3 concentration in drainage water leaving a farm.
Whether drinking water abstracted from an aquifer reflects the annual mean
concentration (which was below the EU guideline value), or whether peak
NO−3 concentrations are detected in drinking water, is dependent entirely
on aquifer characteristics. A deep aquifer under dairy farmland with annual
fertiliser inputs of < 300 kg N ha−1 should remain below the EU guideline
value. However water abstracted from a small, shallow or fast-flowing aquifer
under similar farmland may peak above the MAC in some circumstances. It
is important not to extrapolate this data to drinking water quality without
a good understanding of local hydrology.
• If higher NO−3 concentrations occur in an aquifer, based on the results of
this trial they are unlikely to have originated from grassland agriculture with
annual fertiliser inputs of < 300 kg N ha−1. In this case, regulating grassland
agriculture to correct the problem is unlikely to have the desired result and
may distract both regulators and the public from finding and fixing the actual
source.
• Eutrophication of waterways is a serious issue. A change in approach is
needed from a broad-brush regulatory approach to achieving particular out-
comes (in this case, particular NO−3 concentrations). Once these desired
concentrations are defined, the model in this thesis would be able to calcu-
late maximum stocking rates to achieve these concentrations in individual
situations, and DCD will be very useful to help farmers keep NO−3 concen-
trations down. It would be inappropriate for blanket regulations that are
only applicable to certain environments to be placed over all farms.
• The use of DCD is a very promising way to reduce NO−3 leaching losses and
N2O emissions. It will have particular value to:
– Reduce peak NO−3 concentrations where these are of concern.
– Reduce mean annual NO−3 concentrations where these must be particu-
larly low to protect sensitive ecosystems.
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– Reduce total NO−3 loss to improve the efficiency of fertiliser N use.
– Reduce emissions of N2O for GHG emission compliance.
• Farmers MUST be able to benefit from reducing their N losses, or they will not
do so. By “benefit” I am not suggesting further subsidies, rather that farmers
who are using DCD should gain exemptions from environmental regulations
aimed at reducing N losses, such as stocking rate restrictions.
• The drainage water entering an aquifer from dairy pasture will on average
be below the EU guideline NO−3 concentration. It will peak higher than this
occasionally, and whether these peaks are detected in drinking water will de-
pend on aquifer characteristics and the location of drinking water abstraction
points. In particularly high-risk situations some measures (such as the use
of DCD or stocking rate restrictions) may be justified to keep drinking water
consistently below the MAC. However:
• Based on current legislative values for water quality, and assuming annual
inputs of < 300 kg fertiliser N ha−1, the results of this study do not support
any blanket restrictions on the stocking rate of Irish dairy farms.
6.3 Suggestions for future grassland research
• The effect of DCD on the N losses from spring- and summer-deposited urine
in Ireland.
• DCD application regimes tailored for the Irish environment, such as higher
application rates or more frequent applications to compensate for high drain-
age volumes.
• The effect of DCD on pasture yield in Ireland. DCD caused some increases
in herbage yield in this study, but the effect was variable and more work is
needed to determine responses, and to investigate whether fertiliser N rates
can be reduced when DCD is applied.
• Quantify NO−3 leaching losses over a wider range of animal urine inputs and
the effectiveness of DCD at reducing losses at higher urine-N input rates
under Irish conditions.
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• Quantify NO−3 leaching losses from urine and non-urine areas in higher leach-
ing environments than those in Wexford. This may involve lysimeter trials
in the west of Ireland, or by using simulated rainfall (precision irrigation).
• Field trials measuring NO−3 leaching losses from grazed pasture under differ-
ent rates of N fertiliser and climatic conditions, to provide data to validate
models such as the one outlined in this thesis.
This suggested research would produce data that could be used to improve the
accuracy and/or widen the applicability of the model outlined in this thesis.
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Appendix A
Map of Ireland
Figure A.1 shows the soils of Ireland, and the locations where the three lysimeter
soils were sampled from. Note that due to the large scale of the soil map the true
classification of each lysimeter soil (Appendix B) is not necessarily that shown on
the map. The map also shows the locations of the lysimeter trial at Johnstown
Castle, and the field trial at Kilworth.
The soil GIS data used to create the map was obtained from the European Soil
Database (European Commission and the European Soil Bureau Network, 2004),
and the map was produced using Quantum GIS (QGIS Development Core Team,
2008).
193
194 APPENDIX A. MAP OF IRELAND
Figure A.1: Soil Map of Ireland
Appendix B
Soil descriptions
As I was not involved in the sampling of these lysimeters, I am indebted to the team
who were for their detailed description of the soil profiles at the time of sampling.
Their original observations have formed the basis of these soil descriptions.
Rather than attempt to present exactly the same information for each soil,
which would have necessitated discarding some data that I have for only one or
two soils, I have presented all the data available to me on each soil. For this reason
some soils are described in more detail than others.
The World Reference Base (WRB) soil classification system is used (IUSS Work-
ing Group WRB, 2006).
B.1 Clonakilty
B.1.1 Location
Soil sampled from Clonakilty, Co. Cork.
Well drained brown podzol. WRB: Haplic Podzol (Anthric).
Position: 51◦38′19′′N, 08◦54′44′′W (Figure A.1)
B.1.2 Soil description
A1: 0 to 25 cm; Dark brown (7.5YR 4/3); Loam, few small stones; moderate
and weak granular structure; friable consistency; abundant fine diffuse roots;
gradual smooth boundary.
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A2: 25 to 44-48 cm; Brown (7.5YR 5/4); Paler than A1 horizon; Loam, few small
stones; weak fine sub-angular blocky structure; friable; many diffuse fine
roots; clear wavy boundary.
Bs: 44-48 to 54 cm; Strong brown (7.5YR 5/6); Loam; common to many small
rounded stones; weak very fine sub-angular blocky structure; friable consis-
tency; common fine diffuse roots; gradual wavy boundary.
C: 54 to >120 cm; Pale brown (10YR 6/3); sandy loam; massive, firm brittle
consistency; occasional fine roots to 90 cm.
See Figure B.1 for a photograph of the soil profile. Soil test results are shown
in Table B.1.
B.1.3 General observations
Group Brown Podzolic (reclaimed Podzol). A horizon Ochric, B horizon Spodic,
no trace of albric horizon. Parent material predominantly sandstone till, predom-
inantly grey/green sandstone. Well drained. Vegetation: pasture approximately 5
years old. Topography: Undulating.
B.2 Elton
B.2.1 Location
Soil sampled from Dromin, Kilmallock, Co. Limerick.
Moderately drained brown earth. WRB: Cutanic Luvisol (Siltic).
Position: 52◦26′58′′N, 08◦34′51′′W (Figure A.1)
B.2.2 Soil description
A1: 0 to 16-19 cm; Brown, 10YR 4/3. Reddish root mottling common. Loam,
slightly stony. Moderate/medium granular structure; friable; abundant dif-
fuse roots.
A2: 16-19 to 40-44 cm; Brown, 10YR 4/3 (Paler than A1 horizon). Loam, slightly
stony. Slightly firm coarse sub-angular blocks parting to weakly developed
medium granular structure. Many fine diffuse roots becoming common with
depth (many meaning more than common). Clear wavy boundary.
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Figure B.1: Clonakilty soil profile
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Bw: 40-44 to 71-74 cm; Dark yellowish brown, 10YR 4/3.5. Loam, slightly stony.
Slightly firm, coarse blocky parting to fine blocky structure. Common fine
diffuse roots decreasing with depth to few. Abrupt wavy boundary.
C: 71-74 to >200 cm; Pale brown, 10YR 6/3. Loam, many stones. Massive, firm
and slightly plastic; common fine macropores. No roots below 85 cm.
See Figure B.2 for a photograph of the soil profile. Soil test results are shown
in Table B.2.
B.2.3 General observations
Parent material predominantly limestone till. Occasional sandstone and volcanics.
Dromin site appears to be on the shallow end of Elton (depth bordering on Patrick-
swell), but parent material indicative of Elton. Brown earth. Old pasture. Topog-
raphy: undulating. Slope: 4◦ (unmeasured).
B.3 Rathangan
B.3.1 Location
Soil sampled from Heavenstown, Cleariestown, Co. Wexford
Poorly drained gley. WRB: Luvic Stagnosol (Eutric, Siltic).
Position: 52◦15′31′′N, 06◦34′50′′W (Figure A.1)
B.3.2 Soil description
Ap: 0 to 23 cm; Brown with rusty root channels. Sub-angular blocky structure.
Occasional small stones. Plentiful roots 0-5 cm. Fewer roots (fine) 5-20 cm.
Btg 24 to 39 cm; Mottled brown and brownish grey with few Mn nodules, very few
roots. Mini-prismatic structure. No stones. Clay loam. Gradual boundary
to Bg.
Bg 40 to 96 cm; Sandy clay loam with prismatic structure. Stones present. Small
stones frequent (shale). Yellowish brown mottle with greyish pipes. Almost
no roots. Many Mn nodules present.
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Figure B.2: Elton soil profile
See Figure B.3 for a photograph of the soil profile. Soil test results are shown
in Table B.3.
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Figure B.3: Rathangan soil profile
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Appendix C
Other nutrients
This appendix describes the leaching losses from the lysimeters of all nutrients
other than nitrate, and the herbage uptake of all nutrients other than nitrogen.
The losses of some of these nutrients are also referred to in the main body of this
thesis where they relate to nitrate leaching.
The laboratory analysis methods used are outlined in Appendix E.
The statistical analysis in the text compares treatments when averaged across
all soil types, and soils when averaged across all treatments. For a comparison of
treatments within each soil type, refer to the error bars (±1 SEM) in the relevant
figure.
C.1 Leaching
Nitrate leaching losses are described in Section 3.3, page 63.
C.1.1 Autumn 2006 treatments
Total NH+4 -N loss from the Rathangan soil was higher than from the Clonakilty and
Elton soils (P < 0.01) (Figure C.1). There was no effect of treatment on NH+4 -N
loss.
Nitrite-N loss was higher from urine than from the control and fertiliser treat-
ments (P < 0.001) (Figure C.1), and higher NO−2 -N losses were observed from the
Urine + High Fertiliser treatment than from Urine + Low Fertiliser. There was no
effect of soil on NO−2 -N loss.
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Figure C.1: Cumulative Ammonium-N and Nitrite-N leaching 2006 treatments
Calcium loss (Figure C.2) was significantly different between light and heavy
soils, and between the two light soils (Clonakilty and Elton) (P < 0.001). Calcium
loss was higher from urine than from control and fertiliser treatments (P < 0.001),
and was higher when urine was applied in September rather than November (P <
0.05).
Magnesium loss (Figure C.2) also differed significantly between light and heavy
soils, and between the two light soils (P < 0.001). There was no effect of treatment
on Mg2+ loss.
Soil type did not affect the loss of sodium (Figure C.2). Sodium loss significantly
increased with the application of urine (P < 0.001), and also differed between Urine
+ Low and High fertiliser where DCD was applied (P < 0.05).
Potassium and Phosphorus losses were not affected by either soil or treatment
(Figure C.2).
Chlorine loss differed significantly between the Clonakilty and Elton soils, al-
though this is not evident from Figure C.2. Chlorine loss increased with the ap-
plication of urine (P < 0.001). Chlorine loss decreased from the control with the
application of fertiliser only (P < 0.01), but increased between low and high fer-
tiliser levels when urine and DCD was applied (P < 0.05).
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Figure C.2: Cumulative nutrient leaching 2006 treatments
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Figure C.3: Cumulative Ammonium-N and Nitrite-N leaching 2007 treatments
C.1.2 Autumn 2007 treatments
The high NH+4 - and NO
−
2 -N losses from the U1000 treatment on the Rathangan
soil were caused by a single lysimeter (lysimeter 1) that had consistently high
losses over a number of observations, and has been retained in the data due to this
consistency.
There was no effect of soil type on NH+4 -N loss. Higher NH
+
4 -N loss was observed
from the High Fertiliser treatment than the Low, both with (P < 0.01) and without
(P < 0.05) urine. The 1000 kg N ha−1 urine treatment leached more NH+4 -N than
the standard urine treatment (P < 0.001) (Figure C.3).
Higher NO−2 -N loss was recorded from the Rathangan soil than the lighter soils
(P < 0.05), and from the Elton than the Clonakilty (P < 0.05). Urine treatments
leached more NO−2 -N than the Control and Fertiliser only treatments (P < 0.001).
Nitrite loss increased with the application of DCD (P < 0.05). Higher NO−2 -N
loss was observed from the Urine + High Fertiliser treatment than from the Low
(P < 0.001), and higher losses still were recorded from the 1000 kg N ha−1 Urine
treatment (P < 0.001) (Figure C.3).
Calcium loss (Figure C.4) was lower from the Rathangan than from the lighter
soils, and was higher from the Elton than the Clonakilty (P < 0.001). Calcium
losses were higher from urine treatments than non-urine (P < 0.001), but were
decreased when DCD was applied (P < 0.01). Higher Ca2+ losses were recorded
when urine was applied at 1000 kg N ha−1 than at the standard rate (P < 0.001).
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Figure C.4: Cumulative nutrient leaching 2007 treatments
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Higher magnesium losses were recorded from the Rathangan than from the
lighter soils, and losses from the Elton were higher than from the Clonakilty (P
< 0.001). Magnesium loss was higher from the urine treatments than from the
non-urine treatments (P < 0.001).
Sodium loss was higher from the Clonakilty and Elton soils than from the
Rathangan (P < 0.05). Higher losses were observed from urine treatments than
from non-urine (P < 0.001), and the High fertiliser treatment leached more Na+
than the low when Urine and DCD were applied (P < 0.01).
There was no effect of soil type on potassium loss (P > 0.05). Urine treatments
leached more K+ than non-urine treatments (P < 0.001), and the 1000 kg urine-N
treatment had higher losses than the standard urine treatment (P < 0.05).
Phosphorus loss was not affected by either soil or treatment (Figure C.4).
Chlorine loss did not differ between soil type (P > 0.05). More Cl− was lost
from urine treatments than from non-urine (P < 0.001). Chlorine loss increased
with the application of DCD (P < 0.001). Urine with High fertiliser leached more
Cl− than with Low, and the 1000 kg urine-N treatment had higher losses than the
standard urine rate (P < 0.001).
C.2 Herbage
Herbage dry matter production and nitrogen uptake are described in Section 3.5,
page 97.
C.2.1 Autumn 2006 treatments
Calcium uptake (Figure C.5) was lower from the Rathangan soil than from the
lighter soils (P < 0.001). Calcium uptake increased when fertiliser was applied (P
< 0.001), and was higher from the urine treatments than the control and fertiliser
only treatments (P < 0.001). Uptake was higher from the high fertiliser treatment
than the low treatment whether no urine (P < 0.05), urine (P < 0.001), or urine
and DCD (P < 0.05) were applied. Calcium uptake was higher from September
urine than from November urine (P < 0.001), but DCD had no effect on Ca uptake
(P > 0.05).
Potassium uptake (Figure C.5) was higher from the light soils than from the
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Figure C.5: Total nutrient uptake 2006 treatments
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heavy Rathangan soil, and higher from the Elton than the Clonakilty soil (P <
0.001). Uptake increased from the control with the application of fertiliser (P
< 0.01), and the high fertiliser rate had greater losses than the low (P < 0.05).
Urine increased K uptake further (P < 0.001), and the increase in uptake with
fertiliser level also occurred when urine or urine and DCD were applied (P <
0.001). Potassium uptake was higher from September urine than from November
urine (P < 0.001). There was a marginal decrease (1.5 kg ha−1) in K uptake with
DCD application (P < 0.01).
Magnesium uptake (Figure C.5) was lower from the heavy Rathangan than the
lighter soils on average (P < 0.05), and was higher from the Elton than from the
Clonakilty soil (P < 0.001). Uptake increased from the control when fertiliser was
applied, and was higher when urine was applied than in the control or fertiliser
only treatments (P < 0.001). The high fertiliser treatments had higher Mg uptake
whether no urine (P < 0.05), urine, or urine + DCD (P < 0.001) was applied.
Magnesium uptake was higher from September urine than from November urine
(P < 0.001), but DCD had no effect on uptake (P > 0.05).
Manganese uptake (Figure C.5) was lower from the heavy soil than the light
soils (P < 0.01), but higher from the Elton than from the Clonakilty (P < 0.001).
Manganese uptake was higher from the urine treatments than from the control
or fertiliser only treatments (P < 0.001), and when urine (P < 0.001) or urine
and DCD (P < 0.01) were applied higher Mn uptake was observed from the high
fertiliser rate than the low.
Sodium uptake (Figure C.5) was higher from the light soils than from the heavy
soil (P < 0.001). Uptake increased when fertiliser was applied (P < 0.001), but
decreased again when urine was applied (P < 0.001). When urine was applied,
there was higher uptake at the high fertiliser level than the low fertiliser level (P
< 0.01).
Phosphorus uptake (Figure C.5) was higher from the light soils than from the
Rathangan (P < 0.001), and higher from the Elton than from the Clonakilty (P
< 0.05). Uptake was higher from the fertiliser treatments than from the control,
and from the urine treatments than from the non-urine treatments (P < 0.001).
Uptake decreased when DCD was applied (P < 0.05), and the high fertiliser level
had higher uptake than the low level when urine or urine and DCD were applied
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(P < 0.01). Uptake of P was higher from September applied urine than from
November urine (P < 0.001).
C.2.2 Autumn 2007 treatments
Calcium uptake (Figure C.6) was lower from the Rathangan soil than from the
lighter soils (P < 0.001). Calcium uptake increased when fertiliser was applied (P
< 0.01), and was higher from the urine treatments than the control and fertiliser
only treatments (P < 0.001). Uptake was higher from the high fertiliser treatment
than the low treatment when urine was applied (P < 0.05). Calcium uptake was
higher at 1000 kg urine-N ha−1 than from the standard urine treatment (P <
0.001), but DCD had no effect on Ca uptake (P > 0.05).
Potassium uptake (Figure C.6) was higher from the light soils than from the
heavy Rathangan soil (P < 0.001), and higher from the Elton than the Clonakilty
soil (P < 0.01). Higher K uptake occurred in the urine treatments than in the
non-urine treatments (P < 0.001). More K was taken up at the high fertiliser rate
than the low when Urine (P < 0.001) or Urine + DCD (P < 0.01) were applied.
Potassium uptake was higher from the 1000 kg ha−1 urine-N treatment than from
the standard urine rate (P < 0.001). DCD had no effect on K uptake (P > 0.05).
Magnesium uptake (Figure C.6) was lower from the heavy Rathangan than the
lighter soils, and was higher from the Elton than from the Clonakilty soil (P <
0.001). Uptake was higher when urine was applied than in the control or fertiliser
only treatments (P < 0.001). Magnesium uptake was higher from the 1000 kg
urine-N ha−1 treatment than the standard urine rate (P < 0.01), but DCD had no
effect on uptake (P > 0.05).
Manganese uptake (Figure C.6) was lower from the heavy soil than the light
soils, but higher from the Elton than from the Clonakilty (P < 0.001). Manganese
uptake increased from that in the control treatment when fertiliser was applied (P
< 0.01), and was higher from the urine treatments than from the control or fertiliser
only treatments (P < 0.001). Higher uptake was observed at the high fertiliser rate
than the low when urine was applied (P < 0.001) or not applied (P < 0.01). Higher
Mn uptake was also observed from the 1000 kg urine-N ha−1 treatment than from
the standard urine rate (P < 0.05), but there was no effect of DCD on Mn uptake
(P = 0.0684).
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Figure C.6: Total nutrient uptake 2007 treatments
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Sodium uptake (Figure C.6) was higher from the light soils than from the heavy
soil (P < 0.001). Sodium uptake was lower from the urine treatments than the non-
urine treatments (P < 0.05). There was no effect of DCD on Na uptake (P > 0.05).
Phosphorus uptake (Figure C.6) was higher from the light soils than from the
Rathangan (P < 0.001), and higher from the Elton than from the Clonakilty (P
< 0.01). Uptake was higher from the fertiliser treatments than from the control
(P < 0.05), and from the urine treatments than from the non-urine treatments (P
< 0.001). Higher P uptake was recorded from the 1000 kg urine-N ha−1 + High
Fertiliser treatment than from standard Urine + High Fertiliser treatment (P <
0.001), which in turn took up more P than the Urine + Low Fertiliser treatment
(P < 0.01). There was no effect of DCD on P uptake (P > 0.05).
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Appendix D
Field N loss model
This appendix contains code for the R statistical package (R Development Core
Team, 2008) to model N losses from grazed pasture as outlined in Section 5.3.2.
The code should also work with minimal modification in S-plus.
The code below will:
• Load the data from Tables 5.1 and 5.2 into R.
• Calculate total NO−3 -N loss, and mean and peak NO−3 -N concentrations.
• Calculate losses from any number of given stocking rates simultaneously.
• Calculate losses from all three soil types simultaneously.
• Calculate losses with and without DCD simultaneously.
• Allow full customisation for different grazing regimes.
• Allow different N loss data than that in Table 5.2 to be used (for example,
the NO−3 -N loss from spring and summer urine with DCD could be added).
R will run on Linux, Mac OSX or Windows, and may be downloaded for free
from http://cran.r-project.org/.
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# DATA
# Urine patches per grazing hour
hourly <- 0.3593842
# Grazing hours per day
hoursperday <- 21
# Grazing days per year
days <- 283
# Alternatively, define grazing hours per year
hoursperyear <- 5943
# Lysimeter size in square metres
lysimetersize <- 0.5
# Stocking rates to calculate loss for
srates <- c(2.0,2.47,2.94,3.03,3.31,3.27)
# Annual kg nitrate N loss per ha from fert and urine patches in each season:
leach.season <- matrix( c(8.322500 , 27.204030 , 27.204030 , 63.476071 , 63.476071,
177.700000, 131.792500 , 9.290833, 19.647355, 19.647355, 34.760705, 34.760705,
200.190000, 144.550833, 2.363333, 9.068010, 9.068010, 36.272040, 36.272040,
62.218333, 21.301667),nrow=7,ncol=3)
colnames(leach.season) <- c("Clonakilty","Elton","Rathangan")
rownames(leach.season)
<- c("fert","spring","spring.dcd","summer","summer.dcd","autumn","autumn.dcd")
# Mean annual nitrate concentration (mg nitrate-N per L)
conc.season <- matrix( c(1.1798190, 4.9017357, 4.9017357, 10.7298845, 10.7298845,
28.5521166, 21.2091669, 1.6486185, 2.6906536, 2.6906536, 9.0061153, 9.0061153,
31.2834350, 22.0798621, 0.4761669, 2.0926184, 2.0926184, 6.2711683, 6.2711683,
12.6436506, 5.0180431),nrow=7,ncol=3)
colnames(conc.season) <- c("Clonakilty","Elton","Rathangan")
rownames(conc.season)
<- c("fert","spring","spring.dcd","summer","summer.dcd","autumn","autumn.dcd")
# Annual peak nitrate concentration (mg nitrate-N per L)
peak.season <- matrix( c(4.245000, 127.692500, 69.613333, 7.396667, 142.631667,
93.882500, 4.635833, 45.566667, 11.910833),nrow=3,ncol=3)
colnames(peak.season) <- c("Clonakilty","Elton","Rathangan")
rownames(peak.season) <- c("fert","autumn","autumn.dcd")
# CALCULATIONS
# Define a function to calculate annual area coverage by urine, run EITHER:
# Calculate from hours per day and grazing days
annlysprop <- function(x) x*days*hoursperday*hourly*lysimetersize/10000
# OR Calculate from hours per year (uncomment the line below)
#annlysprop <- function(x) x*hoursperyear*hourly*lysimetersize/10000
# Calculate annual proportional coverage by urine for any stocking rate (cows/ha):
annlysprop(2.0) # change number to desired stocking rate
# Or calculate tha coverage of the stocking rates defined earlier
annlysprop(srates)
# Calculate the proportional coverage by urine at the desired stocking rates
props <- annlysprop(srates)
# KG NITRATE-N PER HECTARE
# Clonakilty
c.sp <- props/3 * leach.season[2,1]
c.su <- props/3 * leach.season[4,1]
c.au <- props/3 * leach.season[6,1]
c.f <- (1-props) * leach.season[1,1]
c.u <- rbind(c.f,c.sp,c.su,c.au) # Losses from each season & stocking, grazed clon
c.u.ann <- colSums(c.u) # Annual loss each stocking, grazed clonakilty soil
c.sp.d <- props/3 * leach.season[3,1]
c.su.d <- props/3 * leach.season[5,1]
c.au.d <- props/3 * leach.season[7,1]
c.d <- rbind(c.f,c.sp.d,c.su.d,c.au.d) # Losses each season & stocking, clon + DCD
c.d.ann <- colSums(c.d) # Annual loss each stocking, grazed clon + dcd
# Elton
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e.sp <- props/3 * leach.season[2,2]
e.su <- props/3 * leach.season[4,2]
e.au <- props/3 * leach.season[6,2]
e.f <- (1-props) * leach.season[1,2]
e.u <- rbind(e.f,e.sp,e.su,e.au)
e.u.ann <- colSums(e.u)
e.sp.d <- props/3 * leach.season[3,2]
e.su.d <- props/3 * leach.season[5,2]
e.au.d <- props/3 * leach.season[7,2]
e.d <- rbind(e.f,e.sp.d,e.su.d,e.au.d)
e.d.ann <- colSums(e.d)
# Rathangan
r.sp <- props/3 * leach.season[2,3]
r.su <- props/3 * leach.season[4,3]
r.au <- props/3 * leach.season[6,3]
r.f <- (1-props) * leach.season[1,3]
r.u <- rbind(r.f,r.sp,r.su,r.au)
r.u.ann <- colSums(r.u)
r.sp.d <- props/3 * leach.season[3,3]
r.su.d <- props/3 * leach.season[5,3]
r.au.d <- props/3 * leach.season[7,3]
r.d <- rbind(r.f,r.sp.d,r.su.d,r.au.d)
r.d.ann <- colSums(r.d)
# Overall annual
nlossperha <- rbind(c.u.ann,e.u.ann,r.u.ann,c.d.ann,e.d.ann,r.d.ann)
rownames(nlossperha) <- c("clon","elton","rath","clon dcd","elton dcd","rath dcd")
colnames(nlossperha) <- srates
nlossperha # Display annual kg N loss
# MEAN NITRATE CONCENTRATION
c.sp <- props/3 * conc.season[2,1]
c.su <- props/3 * conc.season[4,1]
c.au <- props/3 * conc.season[6,1]
c.f <- (1-props) * conc.season[1,1]
c.u <- rbind(c.f,c.sp,c.su,c.au)
c.u.annc <- colSums(c.u)
c.sp.d <- props/3 * conc.season[3,1]
c.su.d <- props/3 * conc.season[5,1]
c.au.d <- props/3 * conc.season[7,1]
c.d <- rbind(c.f,c.sp.d,c.su.d,c.au.d)
c.d.annc <- colSums(c.d)
e.sp <- props/3 * conc.season[2,2]
e.su <- props/3 * conc.season[4,2]
e.au <- props/3 * conc.season[6,2]
e.f <- (1-props) * conc.season[1,2]
e.u <- rbind(e.f,e.sp,e.su,e.au)
e.u.annc <- colSums(e.u)
e.sp.d <- props/3 * conc.season[3,2]
e.su.d <- props/3 * conc.season[5,2]
e.au.d <- props/3 * conc.season[7,2]
e.d <- rbind(e.f,e.sp.d,e.su.d,e.au.d)
e.d.annc <- colSums(e.d)
r.sp <- props/3 * conc.season[2,3]
r.su <- props/3 * conc.season[4,3]
r.au <- props/3 * conc.season[6,3]
r.f <- (1-props) * conc.season[1,3]
r.u <- rbind(r.f,r.sp,r.su,r.au)
r.u.annc <- colSums(r.u)
r.sp.d <- props/3 * conc.season[3,3]
r.su.d <- props/3 * conc.season[5,3]
r.au.d <- props/3 * conc.season[7,3]
r.d <- rbind(r.f,r.sp.d,r.su.d,r.au.d)
r.d.annc <- colSums(r.d)
# Overall annual
meanconc <- rbind(c.u.annc,e.u.annc,r.u.annc,c.d.annc,e.d.annc,r.d.annc)
rownames(meanconc) <- c("clon","elton","rath","clon dcd","elton dcd","rath dcd")
colnames(meanconc) <- srates
meanconc # Display mean annual concentrations
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# PEAK NITRATE CONCENTRATION
# Clonakilty
c.au <- props/3 * peak.season[2,1]
c.au.d <- props/3 * peak.season[3,1]
# Elton
e.au <- props/3 * peak.season[2,2]
e.au.d <- props/3 * peak.season[3,2]
# Rathangan
r.au <- props/3 * peak.season[2,3]
r.au.d <- props/3 * peak.season[3,3]
# Fert only
c.f <- (1-props/3) * peak.season[1,1]
e.f <- (1-props/3) * peak.season[1,2]
r.f <- (1-props/3) * peak.season[1,3]
# Worst-case peak scenario
c.p <- colSums(rbind(c.au,c.f))
c.p.d <- colSums(rbind(c.au.d,c.f))
e.p <- colSums(rbind(e.au,e.f))
e.p.d <- colSums(rbind(e.au.d,e.f))
r.p <- colSums(rbind(r.au,r.f))
r.p.d <- colSums(rbind(r.au.d,r.f))
worstpeak <- rbind(c.p,e.p,r.p,c.p.d,e.p.d,r.p.d)
worstpeak # Display worst-case-scenario peak concentration
Appendix E
Methods of analysis
This appendix outlines the methods of analysis used to determine nutrient contents
in leachate, herbage and soil samples.
E.1 Leachate
E.1.1 Non metallic ions
An Aquakem 600 Discrete Analyser (formerly known as a Konelab analyser) was
used to analyse non-metallic ions.
Total Oxidised Nitrogen (TON)
Includes both NO−3 and NO
−
2 nitrogen. Hydrazine is used to reduce NO
−
3 to
NO−2 under alkaline conditions. Sulphanilamide and N-1-naphthylethylenediamine
dihydrochloride are reacted with the nitrite ions under acidic conditions to form
a pink azo-dye. The absorbance is measured at 540 nm and a calibration curve is
used to determine TON concentration (Standing Committee of Analysts, 1982b;
Kopp and McKee, 1983d; Askew and Smith, 2005b).
Range of Application: Up to 10 mg N L−1 (low range) and 50.0 mg N L−1 (high
range) (extended by auto-dilution).
Method detection limit (MDL): 0.25 mg N L−1.
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Nitrite Nitrogen (NO−2 -N)
Diazotization of sulphanilamide by nitrite in the presence of phosphoric acid, at a
pH of 1.9 and the subsequent formation of an azo dye with N-1-naphthylethylenedi-
amine (NEDD). The absorbance is measured with a spectrophotometer at 520 nm
and NO−2 concentration is determined using a calibration curve (Standing Com-
mittee of Analysts, 1982b; Kopp and McKee, 1983d; Askew and Smith, 2005b).
Range of application: Up to 2.0 mg N L−1 (extended by auto-dilution).
Method detection limit (MDL): 0.006 mg N L−1.
Nitrate Nitrogen (NO−3 -N)
Determined by subtracting Nitrite Nitrogen from Total Oxidised Nitrogen.
Ammonia Nitrogen (NH3-N)
Ammonia reacts with hypochlorite ions generated by the alkaline hydrolysis of
sodium dichloroisocyanurate, to form monochloramine. This reacts with salicylate
ions in the presence of sodium nitroprusside at around pH 12.6 to form a blue com-
pound. The absorbance of this compound is measured spectrophotometrically at
660 nm, and NH3 concentration is determined using a calibration curve (Standing
Committee of Analysts, 1981; Kopp and McKee, 1983c).
Range of application: Up to 5 mg N L−1 (low range) and 50.0 mg N L−1 (high
range) (extended by auto-dilution).
Method detection limit (MDL): 0.09 mg N L−1.
Chloride (Cl−)
Chloride reacts with mercury (II) thiocyanate to form a soluble non ionic com-
pound. The thiocyanate ions released react in acid solution with iron (III) nitrate
to form a red/brown iron (III) thiocyanate complex. The absorbance of this com-
pound is measured spectrophotometrically at a wavelength of 480 nm and chloride
concentration is determined using a calibration curve (Standing Committee of An-
alysts, 1982a; Kopp and McKee, 1983a; Askew and Smith, 2005a).
Range of Application: Up to 100 mg L−1 (extended by auto-dilution).
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Method detection limit (MDL): 0.9 mg L−1.
Phosphorus (P)
This method measures mineral phosphorus in the form of orthophosphate, which
can be referred to as molybdate reactive phosphorus (MRP), dissolved reactive
phosphorus (DRP, on filtered sample) and total reactive phosphorus (TRP, on
unfiltered sample). The orthophosphate ion reacts with ammonium molybdate
and antimony potassium tartrate (catalyst) under acidic conditions to form a 12-
molybdophosphoric acid complex. The complex is then reduced with ascorbic acid
to form a blue heteropoly compound. The absorbance of this compound is mea-
sured spectrophotometrically at 880 nm and a calibration curve is used to deter-
mine phosphate concentration (Standing Committee of Analysts, 1982c; Kopp and
McKee, 1983e; Askew and Smith, 2005c).
Range of Application: Up to 0.3 mg L−1 (low range) and 5.0 mg L−1 (high
range) (extended by auto dilution).
Method detection limit (MDL): 0.005 mg L−1.
E.1.2 Metallic ions
Samples were analysed for metallic ions on an axial inductively coupled plasma
spectrophotometer, or ICP (specifically a Varian Vista-MPX CCD-Simultaneous
ICP-OES). Analysis followed the instrument manufacturer’s procedures (Szikla,
2001; Bridger and Knowles, 2000; Nham, 1991; Gottler and Piwoni, 2005; Kopp
and McKee, 1983b). Table E.1 presents the instrument detection limits for each
ion measured.
E.2 Herbage
Dried herbage was digested with sulphuric acid (H2SO4) and hydrogen peroxide
(H2O2), using selenium (Se) as a catalyst. Samples were digested on a Gerhardt
block digester at 150 ◦C for one hour, then 390 ◦C for 1.5 hours. The digest was
diluted to 50 ml with distilled water, mixed and filtered through No. 2 Whatman
filter paper for analysis (Byrne, 1979; McCormack, 2002a).
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Table E.1: Instrument Detection Limits (EPA defined) (Szikla, 2001)
Element Wavelength (nm) Instrument detection limit (IDL) (µg L−1)
Ca 370.602 1
K 404.721 185
K 769.897 9
Mg 279.8 2
Na 330.237 53
Na 589.592 17
Total Nitrogen (N)
The plant digest was reacted with a salicylate and dichloroisocyanurate (D.I.C)
under alkaline conditions. Nitroprusside was used as a catalyst. The absorbance
was measured colourimetrically at 650 nm using a continuous flow analyser, and the
N concentration determined using a calibration curve (Byrne, 1979; McCormack,
2002a).
Phosphorus (P)
The plant digest was reacted with a solution of ammonium molybdate ((NH3)6
Mo7O24·4H2O) and ammonium metavanadate (NH4VO3) under acidic conditions.
The absorbance was measured colourimetrically at 420 nm using a continuous flow
analyser, and the P concentration determined using a calibration curve (Byrne,
1979; McCormack, 2002a).
Calcium (Ca), Magnesium (Mg), Potassium (K) and Sodium (Na)
The plant digest was diluted by 1:10 with a lathanum chloride working solution,
to give a final concentration of 1000 ppm lathanum in the diluted solution. Cal-
cium, Magnesium, Potassium and Sodium contents were determined using atomic
absorption spectrophotometry using a Varian Spectra AA-400, with a calibration
curve used to determine concentrations. The wavelengths used were: Ca, 422.7
nm; Mg, 285.2 nm; K, 769.9 nm; Na, 589.0 nm (Byrne, 1979; McCormack, 2002a).
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Manganese (Mn)
The atomic absorption of the plant digest at 279.5 nm was determined spectro-
photometrically using a Varian Spectra AA-400. Manganese concentration was
obtained using a calibration curve (Byrne, 1979; McCormack, 2002a).
E.3 Soil
E.3.1 Phosphorus, Potassium, and Magnesium
Morgan’s extracting solution is used to extract P, K, Mg and Ca. Morgan’s solution
is produced by mixing 1400 ml of 40 % NaOH with about 15 L of cool purified
H2O. Glacial acetic acid (1440 ml) is then added and the solution is made up with
H2O to 20 litres, before the pH is adjusted to 4.8 (Peech and English, 1944).
A 3 ml volume of soil is mixed with 15 ml of Morgan’s solution, and shaken
for 30 minutes on a Brunswick gyratory shaker until equilibrium has been reached.
The suspension is filtered through No. 2 Whatman filter paper.
Phosphorus (P)
The soil extract was reacted with ammonium molybdate, to produce a characteris-
tic blue colour (the “molybdenum blue reaction”). The absorbance was measured
on a Camspec 230 UV spectrophotometer at 675 mu. Phosphorus concentration
was determined using a calibration curve (Jackson, 1958).
Potassium (K)
Potassium in the soil extract was determined flame-photometrically at 768 nu on
a Sherwood single channel low temperature flame photometer. A calibration curve
was used to determine potassium concentration (Byrne, 1979; McCormack, 2002b).
Magnesium (Mg)
Magnesium in the extract was analysed using atomic absorption spectrophotometry
on a Varian Spectra AA-400. Magnesium concentration was determined using a
calibration curve (Byrne, 1979; McCormack, 2002b).
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E.3.2 Lime requirement
Lime requirement was determined by treating the soil with an SMP buffer solution.
This solution consisted of the following compounds dissolved in distilled water: p -
Nitrophenol, 45 g; Triethanolamine (Analar grade), 62.5 ml; Potassium Chromate
(K2CrO4), 75 g; Calcium Acetate (dried), 50 grams; and Calcium Chloride (hy-
drated), 1485 g. The solution was made up to 25 L with distilled water and the
pH adjusted to 7.5 with HCl or NaOH (Shoemaker et al., 1961).
A 10 ml volume of soil was mixed with 20ml of SMP buffer solution and shaken
for 30 minutes on a Brunswick gyratory shaker. The solution was filtered through
No. 2 Whatman filter paper.
The pH of the extract was recorded and the lime requirement determined using
Table E.2 (Pratt and Blair, 1963).
E.3.3 Copper (Cu), Zinc (Zn) and Easily Reducible Man-
ganese (ER-Mn)
The extracting solution consisted of 186.15 g Ethylene-diamine-tetraacetic acid
(EDTA) and 1 g of Quinol in 10 L of water, adjusted to pH 7.0 using ammonia. A
10 ml volume of soil was mixed with 50 ml of the extracting solution on a gyratory
shaker for 30 minutes. The solution was filtered through Whatman No. 2 filter
paper.
Manganese, Copper and Zinc concentrations in the extract were determined
using an atomic absorption spectrophotometer (Varian Spectra AA-400) and a
calibration curve. The wavelengths used were 324.8 nm for Cu, 213.9 nm for Zn,
and 403.1 nm for Mn (Byrne, 1979; McCormack, 2002b).
E.3.4 Total Manganese (Mn) and Cobalt (Co)
Dried, finely ground soil (2 g) was digested in 16 ml of Aqua Regia (12 ml of HCL
+ 4 ml of HNO3) on a Gerhardt block digester. The solution was refluxed for 2
hours: 30 minutes at 60 ◦C, 30 minutes at 110 ◦C, and 60 minutes at 150 ◦C. 10
ml of distilled water was added, and digestion continued for a further 20 minutes.
Digests were washed into 100 ml volumetric flasks with warm 2 molar Nitric acid,
filtered using no. 541 filter papers. Digests were made up to 100 ml with warm
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Table E.2: Lime requirement determination
Soil / Lime req. Soil / Lime req. Soil / Lime req.
Buffer Buffer Buffer
pH t ha−1 pH t ha−1 pH t ha−1
6.9 0.00 6.1 10.00 5.3 20.00
6.8 1.25 6.0 11.25 5.2 21.25
6.7 2.50 5.9 12.50 5.1 22.50
6.6 3.75 5.8 13.75 5.0 23.75
6.5 5.00 5.7 15.00 4.9 25.00
6.4 6.25 5.6 16.25 4.8 26.25
6.3 7.50 5.5 17.50
6.2 8.75 5.4 18.75
2M HNO3.
The resultant solution was analysed using Atomic Absorption Spectrophotom-
etry on a Varian Spectra AA-400 using parameters as described by Varian, and
the concentration of Mn and Co was determined using a calibration curve (Byrne,
1979; McCormack, 2002b).
E.3.5 Total & Organic Carbon (C), and Total Nitrogen (N)
A LECO CN 2000DRY Combustion Analyser was used to determine Total & Or-
ganic Carbon, and Total Nitrogen contents (Wright and Bailey, 2001).
